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Spectra taken during the inital 400 ns period of the ¢-beam pulse showed a low effecuve charge
plasma with pnmarily molecular components (C5. CH) as well as atormic hydrogen and singly
1onized carbon (CII). These consutuents are probably due to hvdrocarbons on the surface of the
cathode and anode as well as absorbed gases in the graphite. When the generator pulse was
crowbarred atter the first 400 ns, the spectra revealed a continuanon of the low charge siate
plasma. At umes greater than 400 ns in non-crowbarred shots, the spectra revealed a highly
ionized plasma with a very large intensity line at 2530 Angsooms due to CIV (5g-4f), and lower
intensity lines due to CIIl and CII. This CIV line emission increased with tme, peaking sharply
between 730 ns and 900 ns, and decaved rapidly in less than 100 ns. (Other researchers at
National Bureau of Standards have shown the 2530 Angstrom CIV (5g-4f) line to be a lasing
transiton in a thew pinch.) Emussion from these righ ionization states may be due 1o electron
beam-plasma instabilities. as this emission was accompanied by high levels of radio frequency and
microwave emission. Tnis high power RF emission may play a role in enhancing the energy
transier from the elecoon beam to the plasma. At umes well after diode shorung, the emission
spectra reveal a cooling and recombining plasma. Emission s7.actroscopy performed with an
apphied magnetc field of 500-920 Gauss vieided an overali incresse in the optical emussion
intensity, although the features of the spectra were similar o the unmagnetized case.  In the
magnetzed case, the spectroscopic emission also indicated an extremely non-equilibrium carbon
plasma or plasma species which ha /e not vet been identified. Data analysis is underway to
determine whether populanon inversions were generated in the magnetized and unmagnetzed case.

A number of other electron beam-p.asma diagnostcs have been developed in this research,
including: 1) Cerenkov plate with ga.ed-intensified microchannel plate camera, 2) Laser deflecnon
system, 3) Radio Frequency and microwave probes, 4) Faraday cups, and 5) B-dot loops. These
diagnostcs also show that the electron beam interaction with the dense carbon plasma is subject to
a strong electron beam-plasma instability. This apparent instability also shows large fluctuatons in
the cathode current, a spreading of the electron beam profile on Cerenkov plates, and is associated
with the phenomenon of "voltage peaking”. Voltage peaking behavior showed a large increase in
the e-beam generator voltage after predicted cathode shorung.

Theoretical models have been developed in order to understand the emission from an electron
beam heated carbon plasma with special emphasis on the CIV (CT**) 5g-4f transitdon occurring at
2530 Angstroms. This study was mouvated by the expenments caTied oui on MELBA, aiid
represents an attempt to understand the plasma response to various electron bearn parameters. The
evolution of the 2530 Angstrom line emission cannot be studied by only considering plasma
tonizadon dynamics (atomic physics). Heating and cooling rates which depend on the plasma
macToscopic evolution and elecron beam-plasma interactions are important. The complete
theoredcal model consists of three coupled modules descnbing the plasma hvdrodvnamics,
1oni1zauon dynarmucs. and electron beam-piasma interactoons. A one dimensional geometry was
utlized and an optically thin plasma was assumed in addition to the absence of externaliv appited
electromagnetc fields. These studies revealed two charactenistic responses of the plasma to
eiecron beam heaurg. Type A plasma occurs for "slow” heating rates which cause slow barrer
hburnthrough and lintle heaung with the <uhsequent 2530 Angstrom emussion being of low intensity
7 pe B plasma quickly burns through n= radiutive emission barmer to reach temperatures where
significant 2330 Angstrom emussion 1s cwerved. Model results agree quaiitanvely with MELBA
experimental observations, indicaung a Tvpe A response.
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1.0 Executive Summary

1.1 Experimental Program

Experiments during the past three years have concerned the generation and spectroscopic study of
electron beam-driven carbon plasmas in order to explore the production of optical and ultraviolet
radiation from nonequilibrium populations. A unique electron beam facility, the;Michigan Electron
Long Beam Accelerator, (MELBA), has been utilized in these investigations. MELBA has been
operated with typical parameters of voltage = -0.8 MV, current = 6 to 65 kA, and pulselengths of
about 1 microsecond. In this experimental configuration, the output of MELBA has been
connected to an electron beam diode consisting of an aluminum (or brass) cathode stalk and a
carbon anode. Magnetic field coils have been designed, procured, and utilized during the final year
of this project in order to focus the electron beam. A side viewing port permitted spectroscopic
diagnostics to view across the surface of the anode. Spectroscopic diagnosis has been performed
using a 1 m spectrograph capable of operaticn from the vacuum ultraviolet through the visible.
This spectrograph is coupled to a 1024 channel optical multichannel analyzer. Spectroscopic data
can be summarized as follows. Spectra taken during the init2! 400 ns period of the e-beam pulsc

showed a low effective charge plasma with primarily molecular components (Cp, CH) as well as

atomic hydrogen and singly ionized carbon (CII). These constituents are probably due to
hydrocarbons on the surface of the cathode and anode as well as absorbed gases in the graphite.
When the generator pulse was crowbarred after the first 400 ns, the spectra revealed a continuation
of the low charge state plasma. At times greater than 400 ns in non-crowbarred shots, the spectra
revealed a highly ionized plasma with a very large intensity line at 2530 Angstroms due to CIV
(5g-4f), and lower intensity lines due to CIII and CII. This CIV line emission increased with time,
peaking sharply between 750 ns and 900 ns, and decayed rapidly in less than 100 ns. (Other
researchers at National Bureau of Standards have shown the 2530 Angstrom CIV (5g-4f) line to be
a lasing transition 1n a theta pinch.) Emission from these high ionization states may be due to
electron beam-plasma instabilities, as this emission was accompanied by high levels of radio
frequency and microwave emission. This high power RF emission may play a role in enhancing
the energy transfer from the electron beam to the plasma. At times well after diode shorting, the
emission spectra reveal a cooling and recombining plasma. Emission spectroscopy performed
with an applied magnetic field of 500-920 Gauss yielded an overall increase in the optical emission
intensity, although the features of the spectra were similar to the unmagnetized case. In the
magnetized case, the spectroscopic emission also indicated an extremely non-equilibrium carbon
plasma or plasma species which have not yet been identified. Data analysis is underway to
determine whether population inversions were generated in the magnetized and unmagnetized case.
A number of other electron beam-plasma diagnostics have been developed in this research,
including: 1) Cerenkov plate with gated-intensified microchannel plate camera, 2) Laser deflection
systerm, 3) Radio Frequency and microwave probes, 4) Faraday cups, and 5) B-dot loops. These

diagnostics also show that the electron beam interaction with the dense carbon plasma is subject to
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a strong electron beam-plasma instability. This apparent instability also shows large fluctuations in
the cathode current, a spreading of the electron beam profile on Cerenkov plates, and is associated
with the phenomenon of "voltage peaking”. Voltage peaking behavior showed a large increase in
the e-beam generator voltage after predicted cathode shorting.

1.2 Theoreticai Program

Theoretical models have been developed in order to understand the emission from an electron beam
heated carbon plasma with special emphasis on the CIV (C*++) S5g-4f transition occurring at 2530
Angstroms. This study was motivated by the experiments carried out on MELBA, and represents
an attempt to understand the plasma response to various electron beam parameters. The evolution
of the 2530 Angstrom line emission cannot be studied by only considering plasma ionization
dynamics (atomic physics). Heating and cooling rates which depend on the plasma macroscopic
evolution and electron beam-plasma interactions are important. The complete theoretical model
cunsists of three coupled modules describing the plasma hydrodynamics, ionization dynamics, and
electron beam-plasuia interactions. A one dimensional geometry was utilized and an optically thin
plasma was assumed in additiou o the absence of externally applied electromagnetic fields. These
studies revealed two characteristic responses of the plasma to electron beam heating. Type A
plasma occurs for "slow" heating rates which cause slow barrier burnthrough and little heating
with the subsequent 2530 Angstrom emission being of low intensity. Type B plasma quickly
burns through the radiative emission barrier to reach temperatures where significant 2530
Angstrom emission is observed. Model results agree qualitatively with MELBA experimental
observations, indicating a Type A response.
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20 Introduction
Plasma use as a lasing medium has many potential advantages over conventional techniques
including increased power levels and greater wavelength ranges, particularly in the ultraviolet and
soft X-ray regimes. The basic concept, first proposed by Gudzenkol, is to heat and then rapidly
cool a plasma forcing inversion through bottleneck creation between the recombination reaction
populating a given energy level and the subsequent decay processes. Much effort has been
devoted to plasmas heated by lasers and pinch devices3. The ultimate efficiency of laser driven
plasma lasers is limited by the relatively low efficiency of the laser used to pump the plasma. A
plasma laser driven directly by a pulsed power source (e.g. Marx generator) has the potential for
high efficiency, compact/light weight design, and moderate cost. The Soviets have investigated
intense proton beam pumped plasma lasers, however, the University of Michigan experiments are
the first to explore the possibility of directly driving plasma emission by means of a long-pulse,

intense, relativistic electron beam.

1. L. I Gudzendo and L. A. Shelepin, Sov, Phys, JETP 18, 988 (1963). Also L. I. Gudzenko,

L. A. Shelepin, and S.I.. Yakovlenko in Proceedings of the P, N, Lebedev Institute, G. N.
Basov, Ed., 1977, Vol. 83.

2. For example see S. Suckewer, C. K. Skinner, H. Milchenburg, C. Keane, and D. Voorhees,
Appl. Phys, Lett. 55, 1753 (1985).

3. R.U. Datla, J. R. Roberts, and M. Blaha, J, Quant. Spect, Radiat. Transfer 16, 1043 (1987).
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3.1.1. Marx Bank

These experiments were performed on the Michigan Electron Long Beam
Accelerator MELBA). MELBA is driven by a long pulse Marx bank with an additional
capacitor stage designed for voltage compensation (at 1 MV, 13 kA, and 1.5 ps). This
design, due to Abramyan [Abr77a, Smi79] uses a reverse-charged, ringing capacitor
stage for voltage compensation of the natural Marx RC decay and decay from impedance
collapse caused by diode closure. See [Gil85, Luc88] for a description of the generator
and further descriptions of voltage compensation in theory and practice. Voiiage
compensation was not an important issue in the experiments performed in this thesis.
Typical MELBA parameters for these experiments are peak voltages of -0.8 MV,
currents up to 60 kA, and pulselengths between 0.5 and 4.0 us depending on gap
length, closure velocity and crowbar setting.

An equivalent circuit for MELBA [Pul83] with erected Marx and diode load is
shown in Figure 3.1. In addition to the physical components and lumped element values
for the primary current flow paths, the model includes parasitic elements as well: stray
capacitances, inherent inductance loops, and the effective Marx shunt impedance. These
values were determined by Pulse Sciences, Inc., for their Marx bank design proposal,
by a combination of measurements, empirical approximations, and analytical estimates.
A lumped element approach is valid when the shortest characteristic wavelengths of the
power pulse (fastest frequencies i.e. during the rise time), are much greater than the
characteristic lengths (frequencies) of the device. This condition is satisfied for the
MELBA diode stalk dimensions and typical risetimes by slightly greater than a factor of

ten
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In addition to the Abramyan stage, (here represented by the elements subscripted
A and D), and the main Marx stage (subscnipts M), Figure 3.1 displays several machine
features important in a discussion of the experiment. The crowbar gap, a high pressuse
SFg gap in parallel with the diode load, can be command triggered with preset time
delays. The crowbar is intended to limit the total energy delivered to the diode, after the
desired desired pulselength 1s obtained, by short circuiting the generator. When short
pulses were desired, the crowbar would be triggered before diode shorting. Due to the
rapid impedance collapse, crowbarred operation beyond 300-500 ns was difficult to
obtain for the small gap experiments described in this thesis. In non-crowbarred shots
the diode was allowed to short circuit before the crowbar was command triggered. This
1s the most common mode of operation used here. This mode maximized energy and
current densities incident on the anode and also allowed determination of the plasma
closure velocity. The diode load is represented by the stalk inductance L, and a diode
impedance Ry (1) where allowance can be made for both time-dependent inductive and
resistive components. The time-dependent nature of the diode load is due to the
phenomenon of caihode plasma closure, which leads to decaying impedance, and other
phenomena which lead to changing impedance. The series (or ballast) resistance Rg, is
intended to absorb the full generator energy in a crowbar or in the event of a diode short
circuit. This resistance (2 - 4 ohms) does not have a great effect on the overall
performance of the device, as the characteristic impedance ( 2‘\/ E_CT) of the Marx is
14 ohms. In Figure 3.1, the voltage monitor measures the accelerator voltage across the
tube capacitance, output filter, crowbar, and load, before the tube inductance. The final
feature that should be noted is the RC filter on the Marx output, necessary to limit the
voltage peak during the initial risetime of the accelerator.

The MELBA equivalent circuit has been simulated using transient circuit analysis
codes. Codes which have been used are SCPETRE and varions versions of SPICE

[Nag81]. Figure 3.2 shows an early comparison [Gil85] of theory and cxperiment for a
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Figure 3.2. Comparison of SPICE simulations of the MELBA equivalent
circuit with experimental data for a resistive generator load.
The agreement is quite good, demonstrating that the circuit
model is satisfactory. Note also the effect of voltage
compensation, particularly in the beginning of the pulse.




resistive diode load (performed by Joel Miller using SPICE). As can be seen, the
agreement 1s quite good, indicating that the lumped-element model is satisfactory; some
munor differences indicate that additional transmission line effects or parasitic elements
may need to be included for complete agreement. The generator short-circuit current
predicted by this mode! is about 65 kA from SPICE simulations, and this agrees with
peak expenmental currents obtained after diode shorting for the short gap diodes. Some
of the circuit values have changed over time and components have failed and been

replaced. Good agreement of simulation and experiment depended on precise values.

3.1.2. Diode Configuration

The diode configuration used for the experiments is depicted in the cutaway view
of Figure 3.3 (not to exact scale). Refer to the letters in the figure in the description
which follows. The incident power pulse from the Marx travels to the right along a blunt
nosed cathode stalk (a) (radius = 5.5 cm) through the accelerator insulator and grading
ring stack (b). This cathode stalk is at the minimum electric field radius for the coaxial
cylindrical geometry. The cathode stalk is sprayed with Glyptal to aid in prevention of
breakdown (1201-A Red insulating Enamel, Glyptal Inc., Chelsea, MA ). According to
work on the prevention of high voltage breakdown at long pulselengths at Sandia
[San78], Glyptal gave very good results, preventing emission up to fields of 200 kV/cm.
Examination of the cathode stalk after a run showed that many emission sites were
visible along the entire length of the stalk, with a small melted aluminum spot (0.1 ¢m
diameter) visible where the Glyptal has pitted. These emission sites increased in number
and severnty as the number of shots increased. Similar treatment of another cathode stalk
used for low current density experiments, revealed very few emission sites. The
differences could be due to the large amount of plasma formed in the diode region during
these experiments. This type of damage has been observed in other experiments where

anode participation has been
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Figure 3.3. Cutaway view of primary diode configuration from above
showing Glyptal coated cathode stalk (a), diode insulating
stack (b), voltage monitor (c), aluminum or brass rod
cathode (d), carbon anode surfaces (e),(f), transverse
v-~wing windows (g), transverse viewing flange (h),
aluminum diode chamber (i), aluminum end flange 1 (j),
aluminum end flange 2 (k), 5 pancake magnetic field coils
(1), B-dot loop current diagnostic (m), Pearson coils (n),
current return path (o), insulating Teflon spacer (p), and
diffusion pump port(q).
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observed [Gra85, Gra86]. Anode participation can lead to microparticle formation and
subsequent deterioration and poorer performance of the cathode on succeeding shots.

The experimental voltage monitor (c) measures the voltage from the cathode
supporting plate (where the full machine voltage is applied) to ground across the
insulatng stack. The rod cathodes (d) were made of brass or aluminum, with a radius, r
= 0.6 cm. Anode-cathode {AK) gaps for the short gap experiments ranged from 3.1 to
42 cm. This low aspect ratio diode design was chosen to increase the current density
over the early large gap experiments, but was intended to minimize the total current and
rate of impedance collapse in an atternpt to retain some ability to crowbar the pulses.
This was only moderately successful. An important consideration in the selection of the
cathode material was the choice of different matenals for the anode and cathode, which
enabled spectroscopic identification of the sources of the diode plasma. In the early large
gap experiments, carbon brush or velvet was necessary to aid in field enhancement.
Differentiation between cathode and anode plasma light was difficult under these
conditions. The rod cathode has very high electric fields which aid in cathode turn-on.
A disadvantage to this design was that the geometry dependent effects on the diode
unpedance were difficult to estimate analytically.

The anode (e),(f) was extended to allow the surface region of most intense
electron bombardment to be observed through the transverse windows (g) mounted on
aluminum flange (h). Part (e) was Poco graphite HPD-1, part (f) Poco graphite AXF-
5Q (Poco Graphite Inc., Decatur, TX). The large graphite block (e) (17.8 cm diameter,
6 cm thick) was mounted on end flange (k). This assembly was removeable for
insertion of a light source to align the spectroscopic optics. In experiments described
below in section 3.2.2, the solid anodes as shown in this figure, were modified to allow
the beam to be extracted through apertures for measurements of the beam dynamics. The
transverse viewing flange (h) was successful in reducing the amount of direct electron

flux incident on the transverse viewing windows (g).
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The diode resides in an all aluminum chamber (i) (inner radius = 19.45 cm),
whose side walls and end flanges (j),(k) are quite thick (0.8 ¢cm and 2.54 cm
respectively). The conductivity and thickness of the diode chamber posed special
problems in the design and fabrication of the pulsed magnetic field coils (1). Much of the
data taken was without a magnetic field except where noted. Shown in the figure is a
coil configuration which will give a field in the AK gap region, uniform to 1% from DC
measurements. (Magnetic diffusion effects increase field uniformity over this value).
Other spatial configurations are possible due to the pancake nature of the coils and
overhead adjustment rail. Different field strengths could be obtained using different
charging voltages on the capacitors, or using different timing delays between the bank
and Marx trigger. These coils had to be designed with enough inductance so that the
current pulse would be slow enough to allow magnetic field diffusion through the
chamber. A large inductance implies a larger coil resistance which will reduce the
percentage of capacitor bank energy that is converted to magnetic field energy. These
magnet design issues and bank details are more fully discussed in Appendix A.

The total cathode stalk current was measured with a B-dot loop (m) which
extended through the front flange of the Marx oil tank. The signal was integrated at the
Faraday cage with a nominally 20 ys integrator yielding a signal proportional to current.
This B-dot loop responded to the time changing azimuthal field created by the current
traveling along the cathode stalk and was calibrated in-situ with a current return path as
close as possibie to the experimental one. The current from the diode which flows to the
front anode plate (tube return current) was measured using current transformers (n)
(Pearson Electronics 110A, Palo Alto, CA) placed on 4 azimuthally spaced, low-
inductance current return paths (0). These return paths were isolated by using insulated
bolts and a Teflon spacer (p). These 4 return paths were located 60° above and below
the two transverse viewing windows which were directly on the machine centerline.

Further details on the accelerator electrical diagnostics are given in section 3.2.1.

12




The diode chamber was evacuated by a roughing pump (typical hydrocarbon-
based pump oils) and a diffusion pump (silicon-based oils) through the port (q) , directly
below the cathode stalk in the figure. The diode pressure was always less than 104 torr
before firing the Marx. Not shown in the figure are the x-ray monitor and x-ray pinhole
camera which were used on occasion. These diagnostics were set up to view the end
flanges. The entire chamber except for the end flanges, was covered with 2 ¢m of lead
shielding. Line of sight from the end flange to the operator area was also well shielded
with lead bricks and sheets.

This diode configuration has been simulated using the code EGUN.

The code is somewhat borderline in its usefulness for high current intense
beam diodes. If a great deal of care is taken to ensure convergence of the code, some
quantitative results can be obtained In Figure 3.4, the initial cathode surface electric
field enhancement profile (no electron space charge) for the small gap diode is shown.
The units are kV/cm per kV applied to the cathode. The distance scale for the figure is
0.25 cm/mesh unit. The cathode surface will not field-emit for fields of = 100 kV/cm

and lower.

3.2, Diagnostics

3.2.1. Electrical Diagnostics

Interpretation of the electrical diagnostics form an important basis of the theory for
these experiments. As described in the introduction, the beam-plasma interaction is
taking place within the diode. The investigations are concerned primarily with the anode
plasma which is visible through the transverse viewing windows described above in
section 3.1.2. The anode plasma which is formed has an effect on the impedance
evolution of the diode. However, the motion of the cathode plasma allows it to come
into view as well. In order to interpret the signals from the plasma diagnostics described

below, the electrical diagnostics can be used in conjunction with a suitable model of the

13
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diode impedance to predict the velocity of the cathode plasma,
and therefore when shorting can be expected to occur. In addition, understanding and
modeling the modification of the diode impedance evolution and stability (and thereby
the diode electrical signals) in response to the plasma formation is of interest in its own
night.

The voltage monitor measured across the diode insulating stack, but before the
cathode stalk. The voltage correction due to inductive drop on the cathode stalk was
always less than 5% due to the slow risetimes and was therefore neglected. This voltage
monitor was a balanced, water solution (CuzSO4) resistive divider which gave a factor
of 179:1 attenuation. A resistive divider using carbon resistors gave another factor of =
88:1 with another factor of 10 introduced at the screen room. This gave a nominal
attenuation of 160,000. Normally, the voltage was split for display on two scopes, and
terminated in 50 Q. In this case, actual external calibration of the voltage monitor gave
the factor 308 kV/Voit.

The current flowing to the front anode plate (tube return current) was measured by
wide-band current transformers (Pearson Electronics 110A) on four isolated current
return paths which were summed at the Faraday cage using 50 Q RF power ferrite core
adders (Mini-Circuits ZSC2-2, Brooklyn, NY). The signal from each Pearson monitor
was attenuated by a factor of 100. These four signals were summed two at a time with
separate adders. These two signals were in turn summed with a third power adder.
Each adder introduced between 3.3 and 3.6 dB attenuation depending on the frequency
in the range 2 KHz to 60 MHz. The final signal was attenuated by another factor of 10,
before display on the scope (50 €2 termination). The calibration of the entire combination
was 25.0+ 0.7 mV/kA. Care must be taken in the use of these RF adders. When used
in the configuration for the Mimov coil position monitors, extra 50 Q terminators have

been added, which change the calibration to 12.4 £ 0.3 mv/kA.
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After shot M1105, the total Marx current could also be measured by integrating
the signal from a calibrated B-dot loop The B-dot loop responds to the time-
changing azimuthal magnetic field due to the current flowing in the entire cathode stalk,
and is integrated to yield a signal proportional to current. This current is the principal
one of interest when comparison of generator performance with its equivalent circuit
performance is desired. The L/R risetime for this diagnostic was 7.0 ns, corresponding
to a bandwidth of 143 MHz, giving a much faster response than the above current
diagnostic. In these experiments, the monitor shows very large fluctuations after 400-
600 ns which may be due to the presence of an instability in the diode, (during which
time RF emission is also detected from the diode). As a result of these fluctuations, the
diode current is normally viewed with a 20 MHz scope input filter switched on to aid in

digitizing. The calibration factor for this diagnostic, when integrated by a 20.5 us RC

3.2.2. Particle/Beam Diagnostics

Cerenkov Convertor

To obtain a time-resolved photograph of the beam current density profile, a
Cerenkov plate diagnostic was used with a gated microchannel plate image intensifier
tube camera. Time-integrated photographs are obtained using an open shutter camera.
The experimental configuration is shown in Figure 3.5. Refer to this figure in the
discussion which follows. The anode configuration used allowed the beam to be
extracted through a carbon mask (normally Poco HPD-1) with an array of apertures (b).
The values used for hole diameter, mask width, and drift distance, and the criteria
involved in selecting these properly are discussed below. This mask is placed in the the
diode chamber (a) prior to putting on the large aluminum end flanges. The carbon mask
insert (10.2 cm diameter - a snug press fit, 0.7 cm thick) is pulled flush with the surface
of the extended carbon piece (also HPD-1) (c) and screwed into place from behind. This

16




Figure 3.5. Experimental configuration for beam dynamics
measurements showing the diode chamber (a), apertured
carbon beam mask anode insert (in position) (b), extended
carbon anode (c), Cerenkov plate-glass convertor (d), open
shutter camera position (e), lead shield (f), turning mirror
position for open shutter camera (g), turning mirror position
for gated camera (h), intensifier-tube gated camera (i),
telescope (j), lead bunker (k). Also shown is a view of a
typical mask.
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procedure enatled spectroscopic optics to be aligned as well. (The screws are loosely
threaded to prevent cracking of the insert when thermal expansion occurs during the
pulses). These apertures caused no observabie differences in diode behavior. A blowup
of a typical mask is also shown in Figure 3.5. The masks had an aperture at the center,

and onc or two rings of eight apertures at 2 and 4 cm radius, each aperture spaced 45°

apart. The outer two rings were rotated 22.5° from each other so that the beamlet images
would not overlap on the Cerenkov plate. The use of inserts allowed precise
determination of the amount of carbon lost by weighing with an analytical balance before
and after (keeping in mind that the majority of the erosion comes after the pulse in the arc)
Aiter enienng the mask, the electrons drift until they strike a 2 cm thick plate glass. To
prevent the photography of diode plasma light, the side of the glass plate facing the mask
was coated with a multiple layers (3-4) of Aerodag, a colloidal carbon spray (Aerodag
G, Acheson Colloids, Port Huron, MI), until it was opaque.

Both time-integrated and time-resolved pictures are taken of the beamlet images.
Time-integrated pictures were obtained using an open-shutter camera (e), and a turning
mirror (g). No fogging of film was observed when the camera was shielded with one
sheet of 0.3 cin thick lead (f). Type 57 Polaroid film was used with an f-stop of 22. No
exposure was obtained with type 55 P/N. Time-resolved pictures are taken with a image
intensifier tube camera (i), developed using plans from NRL {Hau85). The image was
also turned in a mirror (h), and expanded using a pair of lenses (j) as a telescope. The
camera was located in a completely enclosing lead bunker (k) (side wall thickness = 5
cm, top and bottom thickness = 0.6 cm) to shield the microchannel plate/intensifier tube
combination from x-rays, which would completely saturate the film. Other experimental
details are the same as in previous discussions.

The gated camera consisted of a conventional Hasselblad single-lens-reflex camera
with 80-mm lens, (normally used with 8 mm extension tube), and a Polaroid film back.
A gateable, proximity-focused, image intensifier tube is located between the camera and

film back.
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Apertured Beam Detector/Faraday Cup

Two techniques were used to directly measure the particle (and plasma) currents
entering the mask. A second isolated current return path was set up in place of the
Cerenkov plate, through which the mask beamlet return current was measured using a
Pearson coil. Since the area of the apertures is known, the averaged current density on
the anode is approximately given by the total measured current divided by that area.
Some estimate should be made as to whether any of the current is being captured by the
mask apertures. To that end masks with very large apertures were used. Different
apertures patierns could be used to investigate the currents at different radii. This
implementation, proved to be quite noisy. A fast response time Faraday cup was also
used in place of the isolated current return path. This Faraday cup was developed by
Smutek {Smu86] using plans of Pellinen's [Pel70]. The direct measurement of particle

current supplements the Cerenkov measurements.

3.2.3. Plasma Diagnostics

Diagnostics which concern the measurement of diode placma properties are
discussed in this section. The principal diagnostic technique used for the largest portion
of this research was time-resolved plasma emission spectroscopy. A helium-neon laser
deflection diagnostic has also been used to obtain some qualitative plasma information.
Simple B-dot loops have been used to investigate diode RF emissions. A streak camera,
open shutter camera and a pin diode have been used to obtain further information about
diode plasma visible optical emissions.

Spectroscopy

Refer to Figure 3.6 and the following discussion for the experimental set up used
for spectroscopy. The optical emissions from the plasmas in the diode chamber (a) were
imaged with a lens (b) (plano-convex, focal length = 25.4 cm) onto the entrance slit of a
sp<ceuograph (c) via turning mirrors (d) and an initial collecting iens (e) (plano-convex,
focal length = 60 cm). The spectroscopic equipment was located in a lead faced Faraday

cage (f), necessitated by the x ray and electromagnetic noise environment associated with
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Figure 3.6. Experimental set up for spectroscopy, showing the diode
chamber (a), collecting lens (b), turning mirrors (c), imaging
lens (d), spectrograph (e), lead-faced Faraday cage (f), optical
multichannel analyzer (OMA) (g), and the photomultiplier tube
(PMT) (h).
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pulsed power accelerators. The distance over which the optical signal was transported
was about 13.5 m. There were two spectrographs available during different periods of
this research. Initially a 0.275 m monochrometer (Jarrell-Ash Monospec 27) was
coupled to a 1024 channel opdcal multichannel analyzer (OMA) (Tracor-Northern TN-
6500 series, with 6100 series detector head, and 6130-1 pulse driver) (g). This
configuration had maximum resolutions of about 0.7 and 1.4 A per channel depending
on the grating used (600 grooves/mm or 1200 grooves/mm). In practice this meant the
system was able to resolve individual peaks when they were about 10 A or greater apart.
Although the individual peaks were often overlapping and identification was sometimes
difficult due to the many species present, a broad spectral emission overview of about
750 A or 1500 A could be obtained. A 1-m morochrometer was obtained later in the
investigations (Acton Research Corporation VM-510, Acton, MA). When coupled to the
OMA maximum resolutions of about 0.2 and 0.4 A per channel were possible,
depending on the grating used. Spectral widths of about 200 - 400 A were obtained. In
addition to the use with the OMA, the Acton had a side port which was equipped with a
uv-sensitive photomultiplier tube (sodium salicylate coating on the entrance window)
(h).

The ability of the monochrometer to resolve individual peaks depended on the size
of the initiai slit. There was a tradeoff of spectrograph resolution versus total light
intensity detected. Particularly for the smaller gate widths of 200 ns, the smallest slit
widths were marginal as far as counts from detected light. Typical slit widths used were
200 pum, although some spectra were taken as low as 80 um. The broad slits were often
adequate for temperature estimates, if peaks were adequately separated, whereas the
narrow slits were needed to perform density estimates from broadening. Tom Repetti
has done calculations and measurements of the spectral system response which show
that at 100 um slit widths, a delta function spectral peak input (one of the Penray

wavelength calibration lamps), will give about 5 channels width out (about 2 A), the
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minimum achievable. Any decrease in slit width below this results only in a loss of light
and little increase in resolution. In these experiments the spectral resolution was
dominated by the slit widths.

The OMA consisted of a 1024 channel, time-gateable, intensified, photodiode
array. OMA gates could be set with arbitrary delay relative to some starting time. Gate
widths as small as 100 ns could be obtained, however, in order to obtain higher signal to
noise ratios, gate widths of 200-500 ns and larger were used. The gate-out monitor
from the pulse driver, was routinely displayed on an oscilloscope with the accelerator
voltage. Due to the rapid time-evolution of the processes in the diode, and the different
physical processes that occur, the time-resolving ability of the diagnostic is quite
important. Conclusions based on time-integrated spectra, or spectra obtained with long
gates can be misleading. To correct for timing differences, the OMA gate is moved out
16 ns with respect to the voltage trace. a correction which is fairly unimportant for most
spectra obtained due to the long time scales of interest. This number is obtained by
comparing the delay of propagation for the electrical signal to the scope through 12.2 m
of cable at 0.66¢ (61 ns), and the delay of light propagation along the slightly longer
optical path of 13.5 m at ¢ (45 ns).

The optical system was calibrated for relative peak height intensity with a
calibrated irradiant standard, a tungsten filament lamp (Optronic Laboratories Inc.,
Model 245A, Orlando, Fla.). This accounted for the wavelength dependent response of
the chamber windows, optics, gratings, and OMA detector diodes. The lamp was placed
in the diode chamber and so was used to simultaneously align and calibrate the optics.
This calibration was important for determination of temperatures from relative peak
heights. In the case of the Jarell-Ash spectrograph, this was because the region of the
spectra that was viewed was so wide, while for the case of ultraviolet spectroscopy with
the Acton, because the diode sensitivity fell off with decreasing wavelength. After two

years of operation, the diodes on the right side of the detector array (higher wavelength,
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about the rightmost 100 channels) were discovered to have a reduced sensitivity by a
factor of two relative to the left side. Intensity calibration now became particularly
important. Spectral peaks of interest were positioned using the grating settings so that
they fell outside this region. Calibration had an effect on relative peak height ratios by as
much as a factor of 10 for widely spaced peaks in the ultraviolet. The detector diodes
were cahibrated for wavelength using a krypton, mercury or neon, low pressure gas
discharge lamp (Oriei, models 6031, 6035, 6032) depending on the wavelength region
being studied.

The optical axis for these experiments was typically aligned 0.1 cm off of the
anode face, directly at the diode axis (112.5 cm). The anodes (normally Poco graphite,
grade HPD-1) were extended into the transverse window field of view so that it could be
observed directly across its face, at presumably the most dense part of the plasma. In
some early experiments, plasma could only be viewed about 2 cm off the anode face:
measurements gave very low intensity light emissions from principally molecular
components. Those early experiments also showed the importance of shielding the

window from incident electron flux, so as to avoid the increase in continuum due to

Cerenkov radiation. As discussed above, in section 3.1.2, the windows are located in a
flange designed to shield them from the etectron flux. The windows employed in the
earliest visible spectroscopy experiments were acrylic and had a cut off for transmission
below about 3800 A, which is readily apparent in those spectra. In spectroscopic
studies below this cutoff, quartz windows and lenses were used. See section 4.3 for a

discussion of the optical system spatial sensitivity.
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He-Ne Laser Deflection

A laser deflection technique was also used to study time-resolved diode plasma
behavior. This technique is sensitive to the index of refraction gradient of a fast-pulsed
plasma [Enl87], and can be used to obtain the line density at a particular axial location as
a function of ime. Since the index of refraction of plasma is opposite in sign to that of
neutral material the overall composition can also be determined. Calculations show that
the sensitivity of this diagnostic compares very favorably with both schlieren
photography and holographic interferometry [Enl871.

The experimental configuration for the deflection diagnostic, is shown in Figure
3.7. Refer to that figure in the discussion which follows. The basis for the method is a
very fast differential amplifier circuit (b) connected to a photodiode quadrant detector
(Silicon Detector Corporation SD-380-23-21-051). Opposite pairs of quadrants are
shorted and the circuit is designed so that the output from the amplifiers is proportional
to the deflection of the laser beam (c) from an initial zero position. A 5 mW He-Ne laser
(Jodon HN-2SHP) is directed across the face of the extended carbon anode in the diode
chamber (a) at distances from 0.1-0.4 cm. The laser and circuit are mounted on
micrometers (d) to aid in zeroing the initial signal, for calibration, and for scanning
measurements in the axial direction. As setup for these experiments, the deflection is due
to axial gradients. Note that the diagnostic could also be setup to detect radial gradients.
To maximize sensitivity to the He-Ne laser beam, a He-Ne line filter is used. The beam
is diverted in a turning mirror (e) so that the photndiode detector is out of line of sight
from the diode windows. The circuit was located a distance of about 1 - 1.5 m away
(distance measured along the laser path) from the center of the diode, in a lead bunker
(f) to shield the photodiode and active circuit elements from x-rays. A distance of about
3 m. gives the most sensitivity, which is a combination of total angular deflection and

laser power density incident on the photodiode quadrant detector.
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Figure 3.7. Experimental configuration for He-Ne deflection showing the
diode chamber (a),fast differential amplification circuit (b), 5
mW He-Ne laser and beam(c), micrometers (d),turning
mirrors (e), lead wall (f), and ground shield for signal cable

(8)
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The transverse windows allowed observation and measurement of the RF
emission escaping from the diode chamber. The cutoff frequency for the dimension
along the beam axis (1.27 cm) was 1.0 GHz, while for the long dimension transverse to
the beam axis (14.0 cm) was 10.1 GHz. The radiation was observed with B-dot loops.
The signals were either transported to an calibrated S-band microwave detection system
[Luc88] in a calibrated RG-8 cable or transported to the screen room in RG-58 and
displayed on an oscilloscope using a simple RF rectification circuit. The signals could
also be analyzed with a calibrated band pass analyzer circuit [Luc88] for frequencies
below 400 MHz.

Miscell Di .
Also used for further diagnosis of the plasmas in the diode are a streak camera,
pin diodes and open shutter cameras. Further information about beam profile was

obtained from an x-ray pinhole camera.
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4.0 Experimental Results
4.1 Optical and Ultraviolet Spectroscopy of Electron

Beam Driven Plasmas

The plasma produced in the diode was investigated with emission spectroscopy as described in
section 3.3.3 in both crowbarred and non-crowbarred shots in the ultra-violet (180 - 350 nm) and
visible (350 - 650 nm) region of the electromagnetic spectrum. Emission spectroscopy was also
performed on shots which had an applied axial magnetic field. Time resolved as well as time
integrated spectra were obtained. Through calibration studies it was determined that the region
approximately 2mm in front of the anode surface was observed. Note however that light from a
cathode plasma could be reflected from the face of the anode and into the field of view of the
collection optics making it difficult to identify the origin of the plasma light. Line identification of
the collected emission spectra was made by comparing the observed lines to those tabulated by
Strignakov! for atomic emission and Pierce2 for molecular species.

Time resolved emission spectroscopy of crowbarred shots before diode shorting had occured

revealed emission from molecular carbon (the Swan and Deslandres systems) as well as CH, CII

(singly ionized carbon) and HB (Figure 4.1). These species are typical components expected from

hydrocarbon impurity ‘cracking’ and may have originated from cathode or anode surface
impurities. The average charge state of the observed matenal is quite low, with much molecular
emission observed both before and after shorting. Figure 4.2 shows the resulting spectrum taken
during and after shorting. No cathode material (brass or aluminium) was ever detected for
crowbarred shots. This may mean that the cathode and/or anode plasmas are formed primarily from

surface impurities, or that emission from the metal cathodes was not bright enough to be detected.
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Figure 4.1 Data from a shot crowbarred before RF emission including the voltage with the OMA
gate and the spectra obtained with the OMA gate before diode shorting
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Figure 4.2 Data from a shot crowbarred before RF emission including the voltage with the OMA
gate and the spectra obtained with the OMA gate during/after diode shorting.
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(In general however, even small amounts of metal impurities result in very bright metal line

emission.)

Spectra obtained during time integrated (0 - 2 us) wavelength scan of non-crowbarred shots
revealed bright emission from a highly ionized plasma, with charge states All, Alll, Allll, AlIV,
CI, CH, CIII, and CIV over the range of 180 to 420 nm (Figure 4.3). Initially, time resolved
emission studies in the visible (360 nm to 600 nm) in time gates of one microsecond generally
resulted in negligible amounts of light produced in the first microsecond followed by a plasma
consisting of mainly CII and CIII which cools and recombines to form neutral carbon (Figures 4.4
and 4.5). A time resolved study of the ultra-violet region of the electromagnetic spectrum on the
other hand indicated that CIV emission dominated during the first microsecond (Figure 4.6). The
CIV line at 252.9 nm first occurred at about 500 ns (diode shorting), peaked sharply between 750
and 900 ns and decayed rapidly in less than 200 ns. This line did not reappear as might be
expected if the plasma was ionized past CIV and cooled off later in time. As CIV diminished, CII
and CII increased. Note that the appearance of CIV coincides with the appearances of voltage
peaking and strong RF emissions (to be discussed in the following section) which signifies a
beam-plasma instability and more efficient coupling of beam energy to the piasma through
collective effects3 or more probably due to RF enhanced ionization.4

A more careful time resolved study of the light emission in various wavelength regions was
performed and the results are summarized in Figure 4.7. Figure 4.7a shows a comparison of the

time behavior of the peak intensities of the CII line at 358.7 nm and 359.1 nm and the CIII line at

360.9 nm. Figure 4.7b shows the time behavior of the Hg line at 653.2 nm and two CII lines at

657.6 nm and 658.1 nm. Figure 4.7c shows the time behavior of CI at 566.9 nm, CII at 564.8
nm, CIII at 569.6 nm and CIV at 580.1 nm. Finally, Figure 4.7d shows the time behavior of CII
at 283.6 nm, CIII at 269.8 nm and CIV at 252.9 nm. The time points are plotted at the midpoints
of the nominally 200 ns wide OMA gates, and referenced to the start of the voltage pulse. Note
that each of these data points were obtained with a single shot. Each figure was obtained with a
single run which used the same calibration and optics alignment. Depending upon the wavelength

regime, aluminum ions were not observed until after 800 - 1000 ns, which is long after predicted
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Figure 4.5b.
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shorting imes. In general, CII and H were observed immediately upon the application of the
voltage pulse, probably due to light reflected from the cathode off of the diode chamber walls.
CIII and C1V ions were not observed until approximately 400 ns at the onset of voltage peaking (to
be discussed in the next section) and RF emission from the diode. Note that the hydrogen line

emission was observed at the beginning of the voltage pulse, again probably originating from

cathode plasma whose light was reflected into the field of view of the optics. The Hy intensity

was constant within a factor of two for the first 900 ns of the voltage pulse where at that point the

overall light output jumped by more than an order of magnitude and Hy was observed as an

absorption peak in the very broad nearby CII line.

The line intensities of various carbon lines, ionization state CI through CIV obtained in a time
study of the region 560 to 600 nm is shown in Figure 4.7¢c. Although CII emission is observed as
early as 350 nm, emission from CIV does not start untii about 450 ns, when it then rapidly
increases. Later in time, there appears to be an overall cooling of the plasma since the lintensities
of the lower ionization states are increasing in intensity relative to the higher ionization states,
although the total overall optical emission did increase. Although the spectra show the coexistance
of highly ionized states of carbon and atomic hydrogen, the plasma may be quite large radially, and
the lower ionization states could be detected from a cooler plasma further out in radius, toward the
edge.

From the observations of primarily hydrocarbons in the crowbarred shots, and the observation

of CII and Hy early in non-crowbarred shots, the most likely conclusion is that the emission

detected is due to impurities on the cathode and anode. According to the results of the laser
deflection diagnostic, discussed in the following section, the plasma observed during the period
from 400 ns to 600 ns may be due to a fast, on-axis cathode plasma, streaming across the gap. As
mentioned earlier, the spectra obtained during this period (which also coincides with voltage
peaking and RF emission) reveal a high average charge plasma, with the primary emission due to
CIV, CIIl and from CII. There are two hyptheses as to the source of the high ionization state

plasma. The first is that a low effective charge plasma is being ionized by the large currents
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obtained at shorting. However, these states would be expected to occur in the case of crowbarred
shots as well since the differences in total current between crowbarred and noncrowbarred shots
after shorting is only a factor of 2 to 6. The second hypothesis is that the high ionization states are
due to a beam-plasma instabulity or due to the interaction of the RF with the plasma. The exact
cause of the high ionization state plasma is still being investigated.

Temperature estimates can be obtained from time-resolved spectra obtained in the ultra-violet
wavelength regime, Figure 4.6, from a comparison of the line ratios observed with a Collisional
Radiative Equilibrium (CRE) code.> The two lines which have initially been used to estimate the
temperature occured at 229.6 nm (CIII) and 252.5 and 253.0 (CIV). These lines were chosen
because they could be obtained using the same grating setting on a single shot and represented
persistent, intense lines. The results from the code have been given for the ratio of the expected
intensities of the sum of the two CIV peaks to the expected CIII line intensity for a range of
densities and temperatures. The calculations are shown in Figure 4.8. A time resolved study of
these lines showed that the relative intensities did not change much with ime and resulted in an
approximate temperature of 7 eV in the density range of 1016 t0 1018 cm-3. Note that this
temperature did not change with the application of the magnetic field. This may be due to the fact
that these lines originate from some part of the plasma which undergoes equilibrium quickly or it
may mean that the population mechanisms of these lines is not dominated by the kinetics assumed
in the CRE model but by some other physical mechanism such as cascade pumping by the

relativistic electrons.

The broadening of particular lines such as Hy can be used to estimate electron densities. Figure

4.9 shows the width of the Hgy line at various times. The largest line width indicates an upper

density of 1017 cm-3. Note that line broadening can be produced by the free electron density of

the plasma and/or by the strong electric fields in the diode. The increase and decrease in the Hy

line may indicate different plasmas (cathode or anode) and different plasma regions which come
into the viewing area of the spectrograph. These data are currently being investigated in light of the
HeNe deflection data.
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CRE Code Results
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Line Ratio CIV(2530+2524)/CI11(2296)
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2 4 6 8 10 12 14 16
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Figure 4.8 CRE code results for the ratio of line intensities for
the sum of two CIV peaks at 2530 and 2424 A, and
the line intensity for the CIII peak at 2296 A
[Whe88].
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Ultra-violet emission was observed during the presence of axial magnetic fields ranging from
S00 to 920 Gauss, (Figure 4.10b). The spectra are similar to that observed without the magnetic
fields, with two exceptions. The first is that the overall light intensity was about a factor of 2
higher than without the fields; the second is the presence of unidentified line emission between 255
to 265 nm. The line emission could be due to CII and CIII but the absence of lines in the same
wavelength region originating from the same upper energy level is unexpected. The lines do not
match with those of known impurities, such as cathode metals or hydrocarbons. We are ~urrently
investigating this unusual spectra.

In conclusion, emission spectra taken during the intial 400 ns period of the beam pulse, beforc
crowbarring or before the onset of RF emission in non-crowbarred shots showed a low effective
charge plasma with primarily molecular components as well as atomic hydrogen and singly ionized
carbon. This is probably due to hydrocarbon compounds found on the surface of the electrodes.
After the first 400 ns in crowbarred shots, the spectra revealed a continuation of the low charge
state plasma. At time greater than 400 ns in non-crowbarred shots where voltage peaking
occurred, large amplitude RF emissions were detected at the same time that the spectra revealed a
high average charge plasma with most of the emission originating from CIV, CIII and to some
extent from CII. These highly charged states may be due to beam-plasma interactions or more
likely due to interactions between the RF field and the plasma. At times well after diode shorting,
the emission spectra revealed a cooling and recombining plasma. A comparison of the line
intensities of various species compared to the CRE theoretical model indicates temperatures of
about 7 eV. Emission observed during the application of axial magnetic fields was more intense
than that without fields, and exhibited some unidentified spectral lines. Although nonequilibrium
plasmas were generated in both the magnetized and unmagnetized cases, we are still analyzing data

to determine whether a population inversion occurred.
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Figure 4.10a. Time resolved emission spectroscopy
with no magnetic field

46




E--“-«--

t=560-760 ns

t=660-860 ns

t=880-1080 ns

t=1060-1260 ns

llillllllLALA‘;LJLLlllJllJll
i
cz._

PEED W U U U U U U U WO U O WA T W |

AT E |

_"TT'YTITYY'TT'YI 'T'VI'ITr'TrT‘IT'TTI"Y"I'

2250 2350 2450 2550 2650
WAVELENGTH (Angstroms)

Figure 4.10b. Time resolved emission of plasmas
with an axial B of 80C Gauss
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42 Electron Beam D , { Diode Pl Phusi

The behavior of the cathode and anode plasmas in the electron beam diode have a major effect on
the electron beam energy deposition in the carbon plasma. Exteasive diagnostic experiments have
ocen performed in order to undesstend the plasma physics in the diode region of the MELBA

generator during the electron beam irradiation of carbon anodes.

The electrical characteristics of the MELBA accelerator driving the short gap, low aspect ratio
diode display 3 main types of behavior. The most prevalent type, occurring in over 95% of the
shots is referred to as "voltage peaking”, an increase in the voltage after about 400 ns to 600 ns.
This voltage peaking phenomenon coincided in ime with the generation of large levels of radio
frequencies and emission from highly ionized carbon. Figure 4.11 depicts the experimental data
for a typical shot. The voltage peaking behavior starts at about 500 ns in Figure 4.1 1a, at which
time the effective gap mndel in 4.11d deviates from the experimental measurement. The B-dot
current (ID in Fig. 4.11 b) and the tube return current (IA in Fig. 4.11 b, open circles) agree quite
well for the first 400 ns. The difference between ID and IA is the current flowing radially to the
walls of the diode chamber , and is displayed as TW in Figure 4.11b (closed circles). Befoi.
voltage peaking, differences of about + 0.4 kA are well within the experimental error for these two
diagnostics. Some of this current difference is due to stalk emission. After voltage peaking begins
these two currents begin to disagree, (substantially at later times). Noticeable damage to the
glyptol cathode coating indicates cathode shank emission. These two currents are used to calculate
two diode impedances: ZA- the anode impedance, and ZD- the total diode impedance. The diode
makes transitions through the Child-Langmuir phase, voltage peaking, then finally reaches a
nearly constant impedance of about 16-20 ohms before shorting.

The effective A-K gap is found by plotting a linear best fit to (1/P)1/2 where P is the
experimental perveance (I/'V 3/2). The extrapolation of the linear portion of the previous quantity
gives a prediction of the diode shorting time or an implied closure velocity. We also define
apparent closure velocity from diagnostics which observe the cathode plasma (such as laser
deflection). Effective closure velocity is calculated from diagnostics which give an estimate of the

shorting time {e.g. voltage shorting). Closure velocity data will be summarized later in this report.
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Figure 4.11. Data for 'voltage peaking' shot M1131 including a) voltage, b) B-
dot (ID),tube return (IA) and wall (IW) currents, c) diode
impedances using ID and IA, d) closure analysis with OMA gate
showing regions of different behavior, e) carbon spectral line
emission during OMA gate.
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Figure 4.11.(continued).
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Figure 4.12 gives oscilloscope traces for a number of shots, showing the significant levels of
radio frequency and microwave emission which occurred primanly after the start of voltage
peaking. This RF was also seen as a current modulation on the nnfiltered B-dot probe. This
strong RF emussion was correlated with emission from highly ionized carbon in the absence of a
magnetic field. We discovered that the application of a magnetic field reduced the 'evel of RF, but
caused even higher intensity of optical emission, an effect which is not totally understood at this
time.

Temporally gated Cerenkov plate diagnostic data is shown in Figure 4. 13. It can be seen that,
during the 1nital 50 ns (during Child-Langmuir phase), the electron beam pattern was well defined
on the Cerenkov plate. At 260 ns the beam appears to become nonuniform as if pinching or
filamenting. By 520 ns (during voltaze peaking and RF emission) the beam apertures are no:
recognizable, indicating a beam-plasma instability. At later times the beam begins to exhibit well
formed beamlets on the outer edges.

The previous data can be related to the apertured beam monitor data shown in Figure 4.14.
Again, the iniual CL phase of the electron beam pulse shows increasing current, however, after
about 200 ns the beamn current shows a spikey nature that persists throughout the voltage peaking
and RF phase. This provides further evidence of an e-beam-plasma instability in the diode. In the
ta1l of the e-beam voltage pulse we see a low energy electron beam current which is effectively
filtered out by a 200 kV foil filter.

Laser deflection diagnostic data provided the most direct measurements of plasma in the diode
region. Typical data 1s depicted in Figure 4.15. Note that the data exhibits a positive deflection
followed by a negative one, then finally a second positive deflection late in time. In the
experimental configuration used, a positive deflection corresponds to net plasma gradients
increasing towards the cathode (henceforth denoted cathode plasma) or net neutral particle gradient
increasing towards the anode (hence anode neutral). A negative deflection corresponds to net
plasma gradient toward the anode (anode plasma) or a net neutral gradient toward the cathode
(cathode neutrals). Note that due to the relative contributions to the index of refraction this
diagnostic is 10 times as sensitive to plasmas as to neutrals. The interpretation of this diagnostic is

complicated by the fact that there may be two clumps of plasma (or neutrals) streaming in opposite
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Top: RF emission
Voltage (308 kV/div)  Bottom: Current (16.1 kA/div)

. (a)

E

|
(b)
(c)
(d)

Figure 4.12. RF data from voltage peaking shots with voltage on left,
RF emission and B-dot current monitor on right including
the following cases: 20 MHz filtered B-dot, voltage
peaking, no magnetic field (a), unfiltered B-dot, voltage
peaking, no magnetic field (b), unfiltered B-dot, non-
voltage-peaking, no magnetic field (c), unfiltered B-dot,
voltage peaking, magnetic field case (B =900 Gauss) (d).
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Top: Voltage: 154 kV/div .

(a)

(b)

(c)

(d)

(e)

(N

Figure 4.13. A time-resolved Cerenkov plate photograph series
including: a) 50 ns, ND=2.0, b) 260 ns, ND = 2.2, ¢)
520 ns, ND = 1.5, d) 700 ns, ND = 1.0, ¢) 900 ns, ND =
1.0, f) 1100 ns, ND = 1.0.
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Top: RF emission
Top: Voltage (308 kV/div) Bottom: Apertured Beam Current
Bottom: Current (16.1 kA/div) Monitor (40 A/div)
(200 ns/div) (200 ns/div)

0e20,S

Figure 4.14, Apertured beam current monitor data a) without 200 kV
foil filter (M 1315), b) with 200 kV foil filter (M1331).
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directions. Without going into all the details of the interpretation, it should be noted that the
idealized picture in Figure 4.16 is consistent with the following physical explanation. The inital
peak is due to a rapidly expanding cathode plasma. The negative deflection should be due to
expanding anode plasma. The final positive excursion appears to be due to more dense late-time
cathode plasma. These interpretations have been verified by moving the position of the probe laser
beam away from the surface of the anode (from 0.1 cm to 0.4 cm) and noting the changes in the
timing of the various peaks. Thus, from the laser deflection diagnostic it appears that the initial
drop in the voltage (before voltage peaking) may be caused by on-axis A-K shorting from a fast
component of cathode plasma. However, the voltage peaks back up, possibly due to plasma
pinching or erosion, and an electron beam continues to be generated in a plasma filled diodc
system. This may explain the beam plasma instability which was observed beginning at voltage

peaking. The experimental observations are summarized in Tables 4.1, 4.2, and 4.3.
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Deflection

Figure 4.15.

Top: Voltage (716 kV/div)
Bottom: He-Ne Deflection (0.27 mrad/div)
xb=04cm
200 ns/div

He-Ne deflection data with laser axis aligned on the
cathode centerline axis.

1 @ TPl D2 @ TD2 503 @f T®3

{

}

|
TZ1

Figure 4.16.

'

Idealized He-Ne deflection data, defining various times
and deflection values to be used in the analysis. TZl1,
TZ2, and TZ3 are the three zero crossings of the signal.
501, 502, and 303, are the three peak values of the
deflections, occuring at times To1, Te2, and To3.
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2.0 Theoretical Progress on Electron Beam-Induced
Emission f Carl Pl

We are concerned here with electron beam heated plasmas focusing on the CIV 5g-4f transition
occurring at 2530 Angstroms. These studies were performed to provide theoretical support for
experiments being conducted using the Michigan Electron Long-Pulse Beam
AcceleratorMELBA).45 The theoretical model is discussed first to provide necessary
background. Studies are then presented which identify two types of plasma response dependent
upon the heating rate. Finally unplications of the general studies upon MELBA experiments are
discussed.

3.1 THEORETICAL MODEL

The CIV 2530 Angstrom line tehavior caunot be addressed by considering only the plasma
ionization dynamics (atomic physics). Heating and cooling rates are important and depend upon
the plasma macroscopic evolution and electron beam-plasma interactions. The complete theoretical
model consists of three coupled modules describing the plasma hydrodynamics, ionization
dynamics, and electron beam-plasma interactions. Basic assumptions assume a one- dimensional
geometry, no externally applied electromagnetic fields, and an optically thin plasma. The three
modules are discussed below. Many theoretical models have been developed to describe plasma
macroscopic motion. The slightly modified one-fluid, two-temperature hydrodynamics equations

used have the form

Dv 1 1 & -1

ot Vi M
Du_ ,3a v 9AMOM
or - VY (Prvyg 5 2)
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where the convective denivative is defined as

Df _of 1 d 8-1
Ot “at Ui X 5)

and v is the specific volume, u is the bulk fluid velocity, P is the total specific plasma pressure, Vol
is the plasma volume, AMOM is the momentum transferred in beam-plasma collisions, q is the
Von Neumann® artificial viscosity, Re; the specific interspecies energy transfer, Ejon is the specific
ionization energy, and R is the specific energy loss from line, recombination, and bremsstrahlung

radiation. Also Ej is the specific thermal energy, Pj is the specific pressure, Qj is the specific

thermal conduction, and Sj is the cpecific external source or sink for species j which is eithe; i for
ions or e for electrons. The equations are described as slightly modified since the ionization energy
is not absorbed into the electron internal energy term of Equation (4). This isolates effects of the
ionization energy which represents a nonlinear coupling with the ionization dynamics modei and
requires use of special numerical tcchniqucs.7

The second module is the ionization dynamics which uses a Collisional-Radiative Equilibrium
Model (CRE). The term equilibrium denotes neglect of the time derivative, thereby restricting the
model's validity to iming regimes where the plasma hydrodynamic time scale is longer than the
atomic relaxation time. The CRE model follows 104 quantum energy levels using 54 rate

equations of the form

’ -~
m—_z.:W.n— W 6)
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where n; is the population of quantum state j and Wj; is the sum of the reaction rates representing

transitions from state i to . CRE models generally require one rate equation per energy level, but
an averagirg technique allows use of fewer equations than energy levels.8 Atomic processes
included are collisional excitation and deexcitation, spontaneous emission, collisional ionization,
three body recombination, radiative recombination and dielectronic recombination. Rate
coefficienis were obtained from the Naval Research Laboratory and the methods used to calculate
them are catalogued by Duston et al.9 The energy level structure is that used by Thomhill et al. 19

The third module describes both collisional and collective electron beam-plasma interactions.
Collisional processes are standard coulomb collisions and bremsstrahlung emission. Collisional
energy loss is described using a stopping power based upon a Fokker-Plank collision operator for
a partially ionized plasma11 and is given by

9
X

2
n E = -
b T) 41mir 0Ebnbue T

T

7)

where

ol<

Yz —— f=
2

Jr-®

Tp o2
A= 5 r°=——;,12=2(1113)ev
4 tne m ¢

and Eg, is the electron rest mass energy, np is the beam number density, n; is the plasma ion

number density, ET is the total beam electron energy, c is speed of light, Iz is the ionization energy

12, Tp is the plasma temperature, v is the speed of the beam electrons, and o, is the modified

63




coulomb logarithm which accounts for partial ionization effects. Comparison of collisional to
bremsstrahlung energy loss reveals that in carbon bremsstrahlung is negligible for electron energies
below 29 MeV.

Collective processes are difficult to model due to their inherent nonlinear nature. The primary
concerns here are identification of possible processes, time required for saturation, and the amount
of energy transferred. The first two questions are addressed using an instability classification
developed by Laul3 which assumes a field free plasma and neglects beam electron self collisions.
This classification utilizes the beam-plasma electron density ratio and relativistic
measures of beam energy to divide the instability phase space into five domains. Each domain
gives a cnitical wave number, frequency, and growth rate for the collective processes it
encompasses.

The classification is used to identify which Instabilities may occur. The critical wavelength
yields a critical plasma size which is compared to the actual plasma size to determine occurrence.
Growth rates indicate how quickly the instability saturates and affects the energy transfer.
Simulations show that saturation occurs on time scales much shorter than the plasma
hydrodynamic time scale, thus the plasma perceives saturation as instantaneous. The final question
is how much energy is transferred through the collective interaction. This parameter is difficult to
cstimaie, bui studies siiow the maximum transfer is thirty percent of the beam energy.14.15 The
model requires user specification of this percentage.

Equation of state definitions and transport laws complete the theoretical model and provide the
coupling between modules. The plasma electron and ion number densites are coupled using an
effective charge model. Thermal energies and pressures are calculated using the ideal gas law.

The ionization dynamics mode! yields energy level populations necessary to calculate the ionization
energy and the power lost through radiation. Fourier's law describes thermal conduction using
Braginkii's16 thermal conductivities and interspecies energy transfer is modelled using the Spitzer

collision frequency. 17
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5.2 GENERAL PARAMETER STUDIES

We first must decide exactly what parameter regime we desire to study, since the theoretical model
allows variations in both plasma and beam parameters. We are pnmarily concermned with plasma
response to the energy source nature. By nature we do not mean if the energy is transferred
through collective or collisional processes since it turns out that collective processes always occur
in the systems studied. Instead nature here refers to vanations in beam parameters such as power
density.

Figure i gives the problem geometry and the plasma initial conditions. The parameter studies
use a square pulse, 1 MeV beam with power density and pulse length varied to maintain a
consistent time integrated energy transfer. Instability strengths are set at low values to gu: -~

against unrealistic energy transfers.

Plasma Electron
Beam

——

Initial Conditions 4 —

Jon Number Density=S5.E16 cm | ——————

Temperature=0.3 eV ¢
4

<4 >
1cm Icm X-Axis

Eigure 1. General simulation geometry and initial plasma conditions.
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Explanaton of a few concepts is useful before examining the results. Two figures per simulation
are given, one giving the energy partitioning and the other the CV 2530 Angstrom line evolution.
The energy partitoning readily clarifies where the deposited energy goes. Recall that first phase of
our objective is to heat the plasma to temperatures where CV is the dominant ion species.
Therefore during heating we want to maximize the internal energy which is proportional to the
plasma temperature. The second phase is plasma cooling which induces recombination reactions,
hopefully populating the CIV Sg level faster than it can decay, thus producing a population
inversion. During this phase we desire to quickly minimize internal energy.

The CIV 2530 Angstrom line evolution directly measures our success. The peak present during
beam heating results from the piasma heating to temperatures where CIV is the dominant ion
species. The peak after the beam pulse is from plasma cooling and the subsequent CV-free electron
recombination reactions.

Studies examining energy transfer effects rate reveal two distinct plasma behaviors labeled Type
A and Type B. Type A behavior occurs for "slow" heating rates and is illustrated by Figures 2 and
3. The Type A plasma converts most of the deposited energy into radiation thus experiencing little
heating. This is not necessarily undesirable if the radiation is the type desired. Figure 3 shows an
ionization peak late in the beam pulse and a recombination peak shortly after pulse ends. This is a
desirable behavior but the intensity 1s fairly low, approximately an order of magnitude lower than
Type B response. The low intensity results from nonuniform plasma heating with only the plasma
edges heating to temperatures where CIV and CV is expected.

Tvpx B response occurs for "fast” heating rates and is illustrated by Figures 4 and 5. Type B
plasmas efficiently convert deposited energy into internal energy resulting in high plasma
temperatures. The plasma then cools through radiation and expansion. The CIV 2530 Angstrom
line exhibits a sharp ionization peak with recombination creating continuum rather than a peak.

The intensity is approximately an order of magnitude greater than in a Type A response. The Type

B plasma exhibits uniform heating with cooler edges due to expansion.
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Figure 2. Type A energy pantitioning in a 2 cm long plasma of ion number
density 5x1016 cm™3 heated by 1.0 MeV, 106 Wawem? elecron beam
transferming of 3% of the beam energy far 300 nanoseconds.

600
500 4
. 400 1
L

g m‘
2 -

4

100 1

Insansity

0 LR v v v 1 Ld

0 100 200 30 400 300 &0 7200
Time

(nanceeconds)

Figure 3. Type A CIV 2530 A line emisssion in a 2 cm long plasma of
ion number density $Sx1016 cm*3 heated by 1.0 MeV, 106 Wawcm2,
electron beam transferring of 3% of the beam energy to the plasma for 300
nanoseconds.
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The two different responses are explained by examining the radiative power variation with plasma
density and temperature calculated with CRE model and given i, rfigurs 6. There are two
important trends to note. The first involves the temperature behavior of the radiated power, which
peaks at approximately 8 eV. This peak represents a barrier which the plasma must "bumn through”
to efficiently convert deposited energy into forms other than radiative emission. The second is that
the barrier height depends upon the ion number density. Thus for a given energy source, it is
easier to burn through the barrier at lower number densities. Keep in mind during the following
discussion that the time integrated total energy supplied to the plasma is the same in each case, only
the rate varies. Also note that the plasma can only radiate away a certain amount of energy, any
energy supplied in excess of this limit is converted into other forms such as intcrnal energy.

The Type A response occurs in conjunction with "slow" heating rates which supply small
amounts of energy over a long times. The energy supplied at any one time is only slightly greater
than the radiative emission barrier height, therefore the plasma slowly burns through the barrier.
Expansion produces lower ion densities at the plasma edges resulting in a lower barrier height and
faster burn through. Thus the plasma edges reach higher temperatures than the center.

The Type B response occurs during "fast” heating rates where large amounts of energy are
supplied very quickly. The amount of energy exceeding the radiative emission barrier height is
very large allowing rapid increase of the internal energy and quick barrier burn through. The
heating is uniform since little expansion occurs during the short beam pulse and the entire plasma
burns through the barrier at approximately the same rate.

The heating rate may induce different plasma responses, with hotter plasmas anising from faster
heating rates. The differentiation between "fast” or "slow" heating rates is determined by how
quickly the energy source allows plasma burn through of the radiative emission barrier. Cooling
rate effects were not investigated but faster cooltng should result in sharper recombination peaks

and shortening of the continuum produced by Type B plasmas.
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Eigure 7. Typical energy partitioning for a MELBA electron beam-plasma
system. This system had an initial ion density of 521017 cm3 and an
instability strength of 1 %. Beam pulse ends at 717 nanoseconds.
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5.3 MELBA IMPLICATIONS

It was mentioned earlier that these studies were originally initiated to provide theoretical support for
MELBA experiments. These experiments recently studied CIV 2530 Angstrom time behavior.
Experimental observations indicate that the line coincides electron beam presence, disappearing
shortly after the beam turns off.18 I should be noted that the lines evolution is not continuously
observed, but is deduced from time integrated spectra taken at various times during experimental
runs. The integration window varies from 50 to 100 nanoseconds yielding a general picture of the
exact behavior. Bulk plasma temperature estimates are under 10 ev. 43

The expected temperature regime coupled with the quick 2530 Angstrom line disappearance at
pulse ending indicate that MELBA could be inducing a Type A plasma response. The model was
used to simulate typical MELBA runs and results are given for a plasma density of 5x1017 cm3
and a one percent instability. Simulation of MELBA is a complex undertaking and details are given
elsewhere. 19

Simulations confirm that MELBA may indeed induce a predominantly Type A response. The
evolution is interesting in that initial behavior is Type B with the internal energy growing faster
than the radiative losses as shown in Figure 7. This initial behavior is dominated by the outer
edges burning through the radiative emission barnier while the bulk of the plasma remains so cold
that it has not begun to emit significant radiation. The Type A response becomes evident as the

bulk plasma begins to heat and the radiative energy grows while the internal energy decreases.
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The CIV 2530 Angstrom emission is given in Figure 8. The first peak is an ionization peak
produced by the plasma edge heating past the CTV dominance threshold temperature. The second
is not actually a peak, but instead is an increase in CIV emission from the bulk plasma interrupting
the beam pulse ending. The emission essentially disappears after the pulse ends. The low level
continuum after 717 nanoseconds results from recombination in the plasma edges. It corresponds

to the Type B behavior the plasma edge was previously noted as exhibiting.
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Spectroscopic Study of Anode Plasmas in a
Microsecond Electron Beam Diode

M. ECUNEO. sTUbeNT MEMBER. 1kEE, R. M. GILGENBACH, MEMBER, IEEE, AND
M. L. BRAKE., MEMBER. IEEE

Abstract—FExperiments have been performed to investigate the visi-
ble emissions (370-600 nm) from long-pulse electron-beam-driven car-
bon anosde plasmas, and to correlate the spectroscopic evidence for ions
with deviations of the diode curreat and voltage from Child-Langmuir
behavior. Electron beams had peak voltages of —0.8 MV, current den-
sities approaching 100 A/cm’, and pulselengths of about 1 ps. Diode
closure resulted in three phases of the beam/plasma evolution. In stage
I the deposited electron dose was smatler than that required for anode
plasma optical emission ( <230 J/gr). No deviations of the diode op-
eration from conventional Child-Langmuir scaling were observed. In
stage 11, the electron dose was large enough for anode plasma forma-
tion before shorting ¢ > 330 J/gr), and low-intensity optica! emission
was primarily from CIl and CIHI. During stage 11, two types of non-
Child-Langmuir diode behavior occurred due to the presence of an
anode plasma. An anomalous voltage peaking behavior occurred at an
average dose of 740 J/gr. at about 80 percent of the diode shorting
time. The diode impedance was constant during this voltage peaking
behavior, contrary to the impedance collapse expected from Child-
Langmuir hebavior in a closing diode. This voltage peaking was ac-
cempanied by an increase in continuum emission, particularly at
shorter wavelengths. A bipolar impedance level was occasionally ob-
served hefore voltage peaking, at an average dose of 410 J/gr, at about
66 percent of the predicted shorting tune. During stage Il an intense
vacuum arc mode, the cathode plasma shorted the anode-cathode (A-
K) gap. resulting in intense optical emission from Cl through CIV on
noncrowbarred pulses, and from CII, ¢,, CH, and H on crowbarred
pulses.

[. [NTRODUCTION

UMEROUS rescurchers have investigated the phys-

ics of cathode and anode plasmas in intense electron
heum diodes. An understanding of both cathode and an-
ode plusmas is crucial in achieving the efficient conver-
ston of stored energy into well-characterized electron
heams. Short-pulsed beams (7< few 100 ns) have typi-
cally been used in applications such as flash X-ray gen-
cration or ICF. where high peak powers and electron cur-
rent densities are desired. Long-pulse beams (7 from a
tew hundred nanoseconds to a few microseconds) are gen-
erally used for apphications where total delivered energy,
pulselength. und voltage Hatness are critical factors,
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Long-pulse applications include gas or plasma laser ex-
citation, high-power microwave generation. and frece-
electron lasers. In both pulselength regimes, cathode
ptasma closure in exnlosive-emission cold-cathode diodes
typically limits electron beam pulselengths and total de-
livered beam cnergy. At large doses. however, anode
plasma formation can also limit the pulsclength, modity
the impedance and stability of the diode, and affect the
generator-to-diode power coupling.

This paper addresses the role of anode plasma in mi-
crosecond diode physics by correlating spectroscopic evi-
dence for tons with changes in the diode electrical behay-
ior. We have performed time-resolved visible (370-600
nm) spectroscopic emission measurements at the surface
of a carbon anode in a long-pulse ( ~us) diode. These
experiments were motivated by a previous experimental
study [1] which showed two types of non-Child-Lang-
muir behavior in a microsecond diode with large anode-
cathode (A~K) gaps (8-10 cm). In the first, the current
showed enhancements consistent with bipolar [2] effects.
while in the second, the rate of current rise was extremely
rapid and the late-time voltage (=600 ns) increased
anomalously. The second type occurred mnuch more fre-
quently than the first. Ton effects in the diode were in-
ferred from current modeling. In those experiments encr-
gies of up to 1.5 x 10* J were delivered to the anode
before shorting at modest current densities (less than 20
A/em?” initially), yielding doses less than 100 J/gr. Pos-
sible sources of ions were intense vacuum arc anode phe-
nomena |3}, 14} as well as impact ionization of the resid-
ual background gas [5]. both particularly important for
the long pulselengths obtained (2.5-4 us). Thus, in this
previous work. the presence of ions was strongly sus-
pected but not experimentally verified.

The present experiments were performed with higher
current densities (initially ~ 100 A /cm” ) at intermediate
A-K gaps (3-4 ¢cm) and delivered energies typically be-
tween 4 x 100 and 7 x 10 J to the anode before shorting
Closure of the A-K gap resulted in late-time current den-
sities approaching 10" Ajem’. with total doses on the or
der of 10 J/gr by the end of the clectron pulse.

Several investigators have performed comprehensive
expermmental studies of electron diode plasmas and clo
sure in the short-palse regime. Cathode plasmas have been
studied using empirical modeling of closure [6] [8].
terferometry [ 7], 8], and time-resolved spectroscopy [7].

tox? 11 L
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I'he error estimate was based on the uncertainties in tran-
sition probabiliry and peak intensity. The electron tem-
perature appears io he constant with tirae for the first ~ 1.8
us after shooting . within experimental error: at a later time
the temperature has decreased.

The clectronic temperature may equal the electron tem-
perature 1f the free clectrons are in equilibrium with the
hound (radiating) electrons. To cxactly determine the
~quilibrium nature ot our plasma would require a detailed
maodel ot all the possible kinetic mechanisms. It is 1m
portant to note. however, that in our experiments. the
clectronie temperature of CIT and the clectronic tempera
ture ot CHE were equal within experimentan error for the
arst b X e tollowang snorting Also, the volume of plasma
which s examined spectroscopically was small com
pared o the crcend] plasma Jdomensions
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Fig. 8

IV. SumMary anD CONCLUSIONS

No anodc plasma light was detected in any electron
beam pulse when the OMA was gated well before pre-
dicted shorting ard during the portions of the pulse where
the dose was smaller than 250 J /gr. For this case, no de-
viations from Child-Langmuir scaling were observed
(stage I). We observed low-intensity emission from car-
bon ions (CII and CIII) when the OMA gate occurred dur-
ing portions of the electron beam pulse when the dose
was greater than 350 J /gr, but before predicted shorting
(stage II). The doses required for the formation of anode
plasma in these experiments were consistent with those
found in previous work. corresponding to an outgassing
anode. The spectroscopic emission observed in these ex-
periments was consistent with hydrocarbon surface im-
purities introduced by the diffusion pump, 1onizea out-
gassed anode components, znd cool-cathode plasma
constituents (which are primarily hydrocarbons [8]).

Due to the presence of ions. two types of non-Child-
Langmuir behavior were observed. On a large fraction ot
the noncrowbarred shots the voltage displayed a peaking
behavior late in time. This occurred at about 740 J /gr at
about 80 percent of the predicted shorting time. The diode
impedance during the peaking behavior was constant. and
was not consistent with Child-Langmuir or bipolar levels.
In some noncrowbarred shots an impedance consistent
with bipolar current enhancement was observed before
voltage peaking. This occurred at doses of about 410 J /gr
at about 66 percent of the predicted shorting time. There
were two different types of spectra ohserved, correspond-
ing to different voltage behavior. The spectra obtained
when gating the OMA during the voltage peaking behav-
ior had continuum emission peaking at shorter wave-
lengths. The spectra obtained when the OMA gate oc-
curred during normal voltage behavior or shight voltage
peakiny displayed @ lower intensity untform continuum.
Further study s required to determine the cause ot this
voltage peaking mode. and to explain these other fea
tures
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Temporally Resolved Spectroscopy of Laser-Induced
Carbon Ablation Plasmas

ML BRAKELD sssociv stesBer, e, I
Wb W
Abstracr - Temporally resolved emission spectra (360-630 nnn of

carbon ablation plasmas produced during laser hole boring by a 23-ns
duration 1. ruby biser pulse are presented. The emitted line radiation
originates from €777 to O depending upon the time relative o the
Laser pubse. Plasma temperatures of 12214 ¢V during the lacer pulse to
about 4oV 0130 oy atter the Laser pulse are obtained by comparing the
specteoscopic cesatts toa collisionad-radiative equilibrium (CRE)Y model
which bridees the gap between the local thermodynamic equilibriom
oL TE) minde! and the coronal model.

[ INTRODECTTON

Sl REACE ahlution plasmas have an important role in
the couphimg of laser energy to materials i applica-
tons such s machming, and hole boning {1].
Such plasmas have also been emploved as the lasing me-
G i sors Xoray faser experiments (210 In alb of these
applications the temporal evolution of the ablation plasma
v particalarly cructad. Spectroscopy provides an ideal
nonieyasive plasma diagnostic i the harsh environment
of mtense faser-plasma imteractions,

In this paper we employ a spectrograph coupled to a
cated optical muftchunne! analvzer (OMA) n order o
ohtain temporally resolved opucal spectra ot laser-in
duced ablation plasmas. This is in contrast to most pre-
vious spectroscopy maisurements (3]0 [4] which have
heen time inteoration ot rens ot shots. as recorded on fitm,
Stnee the gates to the OMA can be moved by 10 ns rela-
fve o the Lser output, we can tollow the temporal evo
lution ot the raprdly varving ablation plasma.

Usuadhy isee 131 and (4] laser-produced plasmas are
desorbed by the corong model or hy the Tocal thermody -
namie equiibrnium (LTEy model. In the LTE model 6]
it s assumed that the distribution of poputation densities
o1 the clecrrons s determined by particle collision pro-

welding,

censes where cach process s batanced by it inverse col
hsonal process The distoibution ot population densities
ot electron cueres feveds s the same as it the Tevels were
v thernmods namie cquibibrnan, The TR modet can cas-
s crve tempetature intormation from spectroscopie re-
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sults 1t the plasmu s dense enough for LTE to be vahd
(greater than approximately 107 ¢m * depending upon
plasma conditions). The corong model [6] on the other
hand includes a balance between collisional 1wonization and
radiative recombination. This model 18 used to deseribe
low density pliasmas (less than about 10" ¢m’) where
atom-atom collisions are neghgible. Untortunately . many
laser-produced plasmas tall between the regions of vahd-
ity tor the corona model and LTE. In this paper the spec-
troscopice results are compared to a comprehensive colli-
stonal-radiative equilibrium (CRE) model which describes
plasmis not covered by the corona model or LTE.

1. Exprriv siar CoNGici RATION

The expenmental syatem s depicted schematically in
Fig. 1. A Q-switched ruby laser was tneident on a graph-
ite target located in an evacuated (10 *-torr) chamber.
This eltminated complications due to air breakdown in the
vicinity of the faser focal spot. A caloruneter measured
the laser energy while a p-i-n diode monitored the pulse
shape. These measurements vielded a ruby laser incident
energy fon target) of about 1§ in a 25-ns tull-width-at-
half-maximum (FWHM) pulse. The laser was focused by
a 25-cm tocal length lens to the spot size of 300 um.

The target was a 0.9- by 0.9- by (.238-cm-thick block
ot POCO grophite (type DEP-2). positioned such that the
laser was incident perpendicular 1o the surface. The
graphite target was mounted at the end of a lucite rod in
the vacuum chamber. The spectroscopic system viewed
the laser ablation plasma at 907 trom the incident laser.
Ablation plasmi light was imaged onto the entrance sint
of 4 (1.275-m spectrograph which was coupled to a 1024-
clement OMAL Two gratings were used in the spectro-
araph: the tirst had 1200 g ‘mm. blazed at 400- and 70-
nm dispersion over the detector array fength. and the sec-
ond had 600 ¢/mm. blazed at 450- and 140-nm disper-
ston. Due to the finated hight intensity and the Timiats ot
the pulse gencrator which produced the gate used by the
OMA _ the nunimum: gatewidth was about 50 ns. How -
cver, by delaying the gate i 10-ps antervals, tme-re
solved spectra were obtained. A small hight bulb (3-mm
diametery was tsed to align the spectroscopy opties Thus
the spectra were obtained trom hight emitted about 1.8
arm from the target surface (which was as close as we
could place the filament i our smal) ahignment hght buth)

1987 [hEL
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. Resvrs

Neither the taser optics nor the target’s position were
altered during the course of the experiment. which in-
volved hiring the laser 50 times, resulting in 4 decp crater
in the block of graphite. A microscope photograph (100 x )
of the graphite surface is shown in Fig. 2. The small shal-
iow hole beside the main hole has been observed in other
laser target experiments [5] and 1s believed to result from
impertect alignment and focusing of the nonideal laser
beam and trom splattered maternial. Using a fxed target
tor many shots does change the effective distance by a
microscopic amount, but using the same spot on the target
chiminates the effect of gas desorption which would occur
it the focal position on the target were changed between
shots.

The total damage was produced by 50 ruby laser pulses
of average FWHM of 25 ns and an average of 1 Vshot
dehivered to the target. For a simple lens of focal length
254 ¢m and diameter 3.8 cm, we estimate a beam waist
ot 300 um in the foca! plane with a 4-mm depth of tocus.
The average focused irradiance per shot was thus § x 10"
W.oem®

The graticule on a microscope eyepiece was used to
measure both the mean diameter of the hole at the surface
and the lengths of 175-pm-diameter wire used to probe
the depth of the hole. Due to the inability to measure the
true dimensions of the hole, 1t is assumed that the hole
volume s bounded by a nght circular cylinder having a
diameter equal to the mean diameter of the hol. ' e
surface. The volume of the small shallow secondary hole
was considered neghygble compared to the volume of the
main hole

FERRU ARY Jux®

PS IS, NO

Y
‘;'f -t
Fig. 2. Enlargement of the laser-damaged POCO gruphite target.

TABLE ]
HoE DIMENSIONS AND TARGET D AastaGh Anaryss

hole depth = 2225 + 20 ,m
mean diameter at surface = S42 + 24 Pm

volume lost per shot = 0,0076 + 0.0006 mm3

avg.
avg. mass lost per shot = 14.0 t 1.3 P9
avg. number of carbon atoms

lost per shot = (7.0 + 0.7)x10” atoms

avg. target thickness ablated per shot = 44.5 ¢+ 0.4 ,.:m

Using the above measurements. the average caleulated
hole volume over S0 shots can be used to deternmuine the
average volume lost per shot. Using the published mass
density of 1.84 g/em' for POCO graphite. the average
target mass lost per shot was 14.0 pg. Finally. neglecting
impurities in the graphite (<5 ppmy) yields a value for the
average number of carbon atoms ablated per shot. Table
I summarizes the results of the above measurements and
calculations. It should be noted that most of the carbon s
cjected long after the laser plasma, composed of low-en-
ergy neutrals expanding with an acoustic velocity (voe
14]). and would not affect the spectra obtained.

Typical emission spectra are shown in Figs. 3 and 4.
Note hai cach individual spectra s the result of one
50-ns-long OMA gate. centered at the time indicated rel-
ative to the peak of the ruby taser pulse. The specttfic hine
identifications tor Figs. 3and 4 are ginvenan Tables [and
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Foaoosn oo s e roen e oe cateaadth, Stns one s conterad at the

toote peak ol the ruby Lyser pulsc

HE In Fre A0 the CHIT hines predominate during the laser
pulse (CIV s masked by the magor CHIT hine at 464.7 nm)
and then domnish whide the CIF hines predominate. The
CIH remanns long after the Taser pulse. as much as 200 ns
for typreal cases i the 400- to 300-nm region. The hines
ortgimating trom the neutral Cfowere not observed, and
WS s Connesient i e colhisional -radiaco e model dis-
cussed inthe next section I Frgo 40 the strong CIV Tine
fat 580 1 nmy s observed during the laser pulse as well
as CHEESHY 6 nny Acam CH predominates after the faser
pulse ard then eventuatls decays

IV Maonring

Ehe corona moded has sometnimes been used to deenibe
the womization states ot laser produced plasmas and thar
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brg 34 Bmusaion spectra of ruby laser produced carbon ablation plasma

tach spectra as the result ot one gatewrdth, S0 ns long, centered ot the
tmes indicated refative to the peak of the rubs Liser pulse

TABLE 1
Serokar e TrRaNstoss o B, 3

wWavelength Transition

407.5 nm c11 304D -» 4t ¢F
416.3 nm CIII Ip3p -, 5£3F©
418.7 nm Cril 4t1F® -. sglg
426.7 nr CI1 3a2p -» 412f°
432.6 nr ClII 3elp® -, 30l
437.4 nnm CI1 3a4p° - 41D
451.6 am CIII 433p% - 5835
461.9 nm c1i 302FC - 4t g
464.6 nm c1v 542D -, 6t2F°
464.7 nm c111 3835 -+ 3p3p°
4€t .8 nr crv 5t2FC -1 692G

blow-ofl regions [3]. Since the corona modet s mdepen-
dent of clectron density, one cannot determine the clec-
tron density from spectroscopic measurements, unhke the
L TE where the Saha equation can lead to electron densiny
cstimates by companing intensities of hines resulting trom
subsequent onization states  Inan experniment by Boland
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cral 140 they used a 52 ruby laser wath a pulsewidth ot
17 ns to produce ablation plusmas tfrom polyethylene. Axs-
saming LTE condivons, they ostimated their electron
density 1o be about to o 107 em T -mm away Trom
thetr target using absolute intensity measurements. Sinee
our laser pulse was much less energetic than their pulse.
we estimate that our electron density 1s much less than
HO° em and that LTE is not valid for our results.

To fill the vord between the predominantly collisional
LTE model and the corona model. the colhisional-radia-
tve model was developed [7]. The CRE maodel is a com-
prehensive moded that can accommodate lower density
plavmas where radiative effects hecome signiticant in de-
termining the 1on populations. as well as account for the
transitions to higher density LTE conditions. The essen-
tat ditterence between this and the coronal model is that
das plasmu density mereases. the collisional processes be-
come more signiticant i determining the excited state
structure. To account tor this, collistonal excitation and
recombination are included.

A collisional-radiativ e model tor carbon ablation plas-
mas was developed [8]. The atomie states that provide the
basts tor the madel are the ground state and typically six
to 12 of the lowest excrted levels of each ton species. In
some cases the imcluded levels are representative of i
combination of nearby degenerate states. For example.
siost leveds of carbon IV, Voand VI are modeled accord-
g to principal quantum number r. that is. the properties
ot the varnous 1/ sublescels have been averaged over an-
sular momentum and magnetic quantum nnmbers.

The atomie processes that are represented are colli-
sonal onzation, three-body recombination. collisional
cxartation. vollisonal deexcitaion. spontancous cmis
aon. radiative recombmation. and diclectronie recombi-
nation. They are shown schematically tor a simple three:
level ton, alone with therr correspondimg transition i By
SO more detaded discusston of this modelb s given n
1%

The atomie processes are mamiested moa set ot rate
cquanons s one tor cqch atonie Sate. having the form

n
dr

S S {1

where i the population density of aomme Jevel rand (€
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Fie 50 Three fovel diagranm displaying the atonme processes represented
i the colbivonal tadiative moded S cothivional lomization. s tadia

tve recombmation, s three bady recombination. oo s dielectron:

recomdination Yos electron collistonal exaitation. X v collisionag

deerditation. and Lis s nontancols cassion

i the sum of the reaction rates representing the atomic
processes tor transitions from state j to . The rate coer-
ticients €'y were obtained trom the Naval Rescarch Lub-
oratory data base. The processes and methods used to
cateulate the rate cocthicients have peen previously doc-
umented by Duston er al. 9], It 1s assumed that the equi-
librium nature of the CRE model is valid tor this expen-
ment: i.c.. the lett-hand side of (1) is a set equal to zero.
This assumption is justified pecause the hyvdrodynamic
time scales estimated from the time-resolved emission
spectra studies are long in comparison to the relaxation
times of atomic states.,

Once the equations are solved for the population den-
sities. it iy a straightforward calculation to find the effec-
tive charge. specific states. 1onization encrgy. radiation
ficld. and other information that depends upon nnowlcdge
ot the populations.

We have included radiative cooling due to line recom-
hination and bremsstrahlung radiation for the sumulations
described in this paper: however, since no transport of
radiation is performed. the model is only strictly valid for
optically thin plasmas. It should also be mentioned that
we have neglected the explicit effect of reduced ionization
potentials. This approximation could have an impact upon
higher density results.

V. DiscossioN
Fig. 6 shows the 1on concentration of successive ionr-
zation stages of carbon for an overall cleciron density of
10" cm  calenlated using the CRE model. A tough es-
tmate of the temperature can be made by noting the ab-
sence and presence of certain ionization stages. For ex
ample, in Figo 40 CIV domimated during the pulse and CH

atter the palse, with the nresence ot CHT accurning at

times i between, Frem Figo 6 one can estimate the range
of the clectron temperature to he about 10 12 ¢V dunng
the pulse thased upon the fact that CEY predomimates over
CHI, decreasing to 25 eV owithin SO ns. At clectron
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Fie 6 Ton abundance curves for a total on density ot | 107 em as
caleulated from the collisionaf-radative equilibrium model.

densities between 10" and 10" cm ' the ion concentra-
tions do not change significantly with temper=ture and thus
these temperature estimates remain about the same re-
gardless of the density in this region. Note that even at 4
¢V, the CI concentration is 0.01 that of CII. so it is not
surprising that Cl 1s never chserved. By the time the
plasma has cooled and recombined to the point that CI
would be observed. the plasma has moved out of the field
ot view ot the spectrograph.

A more accurate estimate of the electron temperature as
a function of time was made by comparing the intensities
ot two experimentally measured lines to intensities cal-
culated tfrom the population densities predicted by the
CRE model for o plasma with n, = 10'" ¢cm ', The dig-
itally integrated intensities of the two largest lines (CII at
427 nm and CHI and 465 nm) were used. The results are
tustrated in Fig. 7. The resolution of the optical system
was not adequate to determine if any other species con-
tributed to these lines, so we assumed that these states
were the sole contributors to the observed lines. Never-
theless, the temperatures do fit an exponential decay (de-
noted with the smooth line) after a peak value, as would
be expected. The e-folding time for the decay of the
plasma temperature was found to be about 90 ns. Also,
the approximately 20-ns delay in the peak temperature
corresponds to a streaming velocity of 7.5 x 10% cm/s
which agrees very well with the streaming velocity of 8.4

10" ¢cm/s obtained for conditions similar to this exper-
iment using a Faraday cup [10]. The temperatures shown
m Fig. 7 are well within the range of those expected for
a laser irradiance of 10" W/em” [11].

eV
°

clectron temperature

[} 20 48 6l SO 100 1200 140

time (s

Fig. 7. Electron wemperature of the Laser-ablated carbon plasmi versus me
relative to the peak of the ruby laser output, obtaimed by companny the
CH (427 non and CHT (465 nmiy intensities to those caleulated from ex
crted state densities predicted from the CRE mode] The cunve desersbes
an cxponential fit to the daia.

This paper has shown that plasma temperature can be
obrained from plasmas whose parameters fall between the
region of validity for the LTE and corona models by com-
paring spectroscopic data to excited state den-ilics pre-
dicted by the comprehensive CRE model. This opens up
the possibility of diagnosing a variety of plasmas that tra-
ditionally have been difficult to diagnose because of their
plasma parameters.
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Effects of nelium upon electron beam excitation of N, at 391.4 and

427.8 nm
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cRecenved 20 June 1986, aceepted for pubhcation 23 July 1986)

Relatinvistie elect-on beany interactions with very small ratios of nitrogen to helium (10 -

10y have been hund to produce extremely large N (B 727 XY ) intensities at 391.4

and 4278 nm. compared to Hine intensities originating trom helium. These results occurred in
& L

the total pressure regime of 0.1-500 Torr. The pressure scaling results presented here are

mconsistent with previously proposed kinetic mechamsms for the N laser pumped by
hehum With a simple model of the chenncal kinetics we show thai thi. cfiici is due to the

collistonal transfer of energy between eacited states of helium atoms and the ground state of

N

[t v well known that popufation imversions of the
B U X0 clectromie transttion of N can be achieved
i the presence of hehum.' Two possible mechanisms hasve
been used to deseribe the pumping process. Collins' believes
the upper laser level is pumped by charge transfer from He
10N Kokawa er el believe that electron impact excitation
i~ the dommant pump mechanism. Most of the research per-
formed on the N Jaser has involved large overall He-N.
discharge pressures (1-36 atm)' - where the presence of
Heo may be feasible Investigations of lower ( « 50 Torr)
overall pressures. howeser, have ehserved population inver-
stons i atomic nitrogen” ' rather than in molecular nitro-
gen. Population inechanisms proposed for atomic mitrogen
lasers range from excitation of nitrogen atoms by collisions
between metastuble excited atoms of heltum (2°5) and ni-
trogen molecules’ ta the recombination of clectron-ion
parrs.tIn this letier, we present intensity measurements for a
wide range of helium to mitrogen ratios for relativistic elec-
tron beam pumped gases in the intermediate pressure range
of 01 500 Torr and show that these results are inconsistent
with the above mentioned mechanisms. We also present a
simple chemical kinetic mod 21 which is consistent with our
eaperimental observations.,

I'he expermmental apparatus has been desceribed pre-
vieushy T The expertment consisted of a relativistie electron
heam at g peak voltage of 300 keVoa peak current of T kAL
amd i pulse width of 300 ns The diode consisted of a 2. 5-cm-
Sram carbon brush cathode and 4 0.025-mm titanium anode
torl The beam was igected mto an alumimum vacuum vessel
with Tucite windows on the sides and end. The emmted light
ttseveral hehum partal pressures cach with nitrogen parual
proessures of (ob boand 10 Torr was sampled avially. The
behtwas anabvzed by a0 27
cptical mudnchannel analyzer COMA ) The OMA was gat-

Somspectrograph coupled to an

cd with pulses of SO and SO0 ns

For Al expenments where helium was present with
<thall o Faree amounts of nitrogen, two very antense lines
wereobserved at 391 g and 427 X o These lines correspand

teov the 00 O gnd o0 vbrational transitions i the first

F,9¢ hnp B e et 49002 22 Sepren her 1986 00073694
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negative band of N, . B°Y, —X "X . Lines originating
from atomic or molecular helium had negligible intensities
for these cases. When no nitrogen was present, the major
lines were attributed to neutral atomic helium at 388.8.
447.1, 501.5, and 587.5 nm. In time-resolved studies per-
formed with OMA gates of 50 ns delayed by 20 ns for each
pulse, the N, light emission was found to follow the beam
voltage after the initial rise time (see Fig. 1). During the
time-resolved studies, no other lines were observed except
for the 391.4- and 427.8-nm nitrogen lines. Figure 2 shows
the relative intensity of the 391.4-nm band as a function of
helium to nitrogen ratio for nitrogen partial pressures of 0.1,
1. and 10 Torr. Figure 3 shows similar results for the 427 8-
nm band.

As seen in Figs. 2 and 3, the largest light intensities at
391.4 and 427.8 nm for a given pressure of nitrogen occur for
the largest ratio of He/N.. That is, the more helium present,
the more light is produced up to total pressures of about 300
Torr where the intensity levels off. The linear portion of the
curves corresponds to a slope of about | for the range of totul

30,000 — 1300
‘-,
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hondimtensities asa tunction of tme The partial pressures of N-and helm
were B S aard 100 Tonr Optcal muttichannelanahvzer pates were Shns and

tornies plotted e toe the s coter of the eate
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non 1 asallustrated by o simple kincue model Assumie
that the electron beam excrtes the hehram from the ground
state to the 38 state as follows

Het 1'S) - o0 cHet VP - o (2

where A s the rate constant for ceactron ¢ 25 and s o fune-

tion of the clectron beam energy . Atlow prossures, the nuan

deactivation mechamsm of Hee 3 Py and N o 208 ra-
arttne decay
Heod3 P2y cHet2°S) - v o0 R
NGB Yy N (Y Y . .+

Wetiso mahe i

following assumptions. all back reactions are negliotbic,

Note that Her 2785 s a matastable state

collisional decay o Hern 378 s nnimperiant Becatse i

crvehine Peachion tho vy e 28 WHe DS
Hor s foaoes nos alrer tha HLO 3/ Coiceninaine, 2

collistonad quendinne o N A S s ertant Log o

prossures althoagh s assutuptoa s decassedater o

dhar the ciectren Beam donsity Cn be approsanared by as

Speneniial oo e torme fop e

whiere | ] Issome constint characteristiic of the bearp da e
sivvatd o and e are constanis which desoriise the boarn
carrenttemporad profile. We now wiie o ditfereniad egu

then for Hee 5 P as
o PHet 3
dr
AHe S e e .

AJHeO Pyl A e3Py [N d 2 oS,

Now asstime that the ground-state populations Hey 18 and
NV ctay approximately constant. Then a lincar, ho-
mogeneous.  ordmary  differential - cquation exists - for
THet Py ] and can be solved uang standard techmgues,

The solution s

[He(3'Pr] t( e ‘i\). (6
A A el

1

AN (X X)) - A, kK [Het1'Sy
e ] We canalso wrnite the rate equation for
[N (B M)

d [N, (B3]

where A and A

AN (Y2 ) [He3' Py AN OB )] (7
Substituting fHe(3'P)] from Eq. (6) and solving for
[N, (B X)) gives
[NJ(B 2y AN Y O} Hei 'S ) {e, "

( (w. wgie ot
V(A watk woth, A
o e
Ch ) thy, )
¢ ¢ ) )
(hwath, w)
Brave of g IS8
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the conclusmion that charge transfer between He ™ was prob-
abiy neghgibles also since for example the 388 8-nm helium
Line wiich populates the metastable state of helum was not
observed toncrease or decrease with the 291 4-nm bund. in
contrast to the results of Atkinson and Sanders. ™ Instead. the
IS N-nm hehum fine was observed onldy 1o the absence of
nitrogen, thusitis doubttul that direct transfer between the
metastable state ofhehum 2 S and the NV (B ) was g
mificant. Kokowa eraf.. chum that electron impact ioniza-
ton i~ the major pumping process and thut the presence of
hichum only helps to raise the electron temperature vather
than supphving reactants tor the pumping process. The re-
sults presented here show adetinite helium dependencey. par-
neularly simee we have shown previoushy’ that the clectron
temperature s prossure msensttive for our c-beam produced
dischurges,

Relatvistic clectren beam produced plasmies i helivan -

nirogen mintures produce very Large intensiny hines ot 307 4

and 427N nm These lines onamate from the viboanon
and 00 o the hest nevats

N The hne mntensities increass as the ra

transitton of 100 galive sustem of
tro o he i o
nitrogen mervases The greatest inerease s seen for the o
estntrezen concentrations The mereased miensis s hineas
with hehum prossare between the totas rressare of 160 3o
Tore for small partal pressures O T Torr s of noreeen

This tnercase is hehieved to be due te cothaenal transter of
enerey herwedn holmm oxeited states and the N

sate as shown by the agreement between onar simple Kinetie

cround

muodel and experimental results
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Fast, sensitive laser deflection system suitable for transient

plasma analysis

C. L. Enloe. R. M. Gilgenbach, and J. S. Meachum

Dot Fooovgy Beamy Dizoraction Laboraory, Depariment of Nuclear Engincering,
Lo Uneomiiv v Meciogan, e Arbor, Michug i 381002104

¢Recenved T May TONTqecepted tor publication 26 May J987)

A Laser deflecton measurement system has been developed which s both fust « - = 20 ns) und

seinttive 1O = 0.8 grad . This diagnostic s capable of sensing and diserimmating between

clectrons and neutral particles ina mulucomponent plasma. and vields quantitative results,

Fhe techmgue allows contnuous measurements m time. Construction is inexpensive and
simple to ficld. This systemos, therefore, highly competitive with traditional techmques in

diagnosing the development of transient plasmas.

INTRODUCTION

Investizanien of the time esolution of the phoma produced
by the mreraction of o high-power faser with o target s an
crnampic of aosituation mowineh a fast, versatle probe ot

plasmo densiny s desirables Such o plusma s short hived,

stice the plasmices expanding with avelocity on the order of
Trcm s and composed o ditferent components. In partie-
ulur. o carly tmes @ dense plasma exsists, whereas at late
tines the prosence of o neutead componentas significant.

Ihe comumon technmqgue of pulsed baser schhieren pho-
tgraphy s inadequate to diagnose the temporad evolution
of such o plaser i o single shot Alrthough fust (20-ny)
Ushuneiny nmes” can be obtuined by emploving a -
switched ruby lasers whainn sdentical plusma shots are re-
qutred. varving the tming of the probe faser, o observe the
plasma evolve i ume. Inomany cases. difficalties arise be-
canse - the neatral component. sinee the presence of a plas-
M is o negative perturoanion ioaae ind 2y of refraction while
the presence of neutral particles is a positive perturbation. It
a pinhiofe s used as w spattal tilter i a sehberen system. the
technigue can simultancousty detect both plasmas and neu-
trafs, but cannot distinguish between them. Ifa knife edge s
used as aspatial filter: the technmigue can distimguish between
the two but cannot deteet them simultancousty . Furtherats
dithicalt to obram quantitaty e results from schheren photog-
raphiy " Apphvng the technique of holographic iterferome-
try climinates these difficuiues, but at the eapense ot a large
merease in cost and complexty . sinee not onls are the Liuser
optics regunred 1o make the hologram more complex, but the
halogram must be reconstructed in order 1o mterpret the
resufts

Diavnosing den<ity by measuring the deflection of a la-
serheam’ s an analogous technique to sehheren photogra-
phy i that horh techmques are sensitive toomdes of refrac-
nen sradients The techmque has been successtully applied
toanumber otticlds the chictimpediment 1o s appheation
totranstent plasmas has beenone of speed. Tnthicarticle, we
present o laser deflectiion system capable of detecting defiec-
tons o0 S rad ona ime scale of 20 s Heneeo s speed s
comparable to Q-swatched ruby Taser schhicren, while s sen-
sty s over two anders of magnitude crearer T mbher-
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enthy quantitative. while ar the same tme bemmy much
stmpler and less expensive to implement than a ruby Liser
and assocrated opties.

. LASER DEFLECTION TECHNIQUE

Figure 1 dlnstres the laser deflection techngue ap-
plicd to alaser-produced plasnmun The target material s pro-
duced by focusing the output of a Q-switched ruby fiser on a
graphite surface. A 3-mW He-Ne probe laser (Jodon Laser
model HN-2SHP) 18 deflectea by index of retraction grads-
enls as it passes through the laser-produced plasma. The
angalar deflection s given by”
1 . D (Y m

0d - — AV ———— i1

o e .

where n11s the index of refraction, i1, is the unperturbed mdes
of refraction (approximately equal to 11, ¥ 7 is the gradient
in the index of refraction verpendicular to tne path of the
beam. D iy the thickness of the plasma. and ¢ ) indicates a
ime average taken over the path of die probe laser m the
plisma. Since deficctions are smalll this average is tahen over
the strmghtline unperturbed path. The defliection of the

Foo b bapenmental contrrunaton and coondimate ssstem o 00 il
st BN e S e L aon taredt o Raby L beam
dobaer prodneed plasma e OQuadrant detector b Ditberancme nd
byt s e He Ne Lser e il
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Fhe ke tothe performance of this svstem s the detector
it shewnn Fras 20 The quadrant detector s essentially
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O porads For compansen, consider o topical sehhicren s
tem with o Soc-mn focui rength lens and o S0-am piihiolc
IF we assume that the mmmum detectable deflecion s
coivalent 1o one fostop change m densaty oncthe il then
the resolution of this schlicren svstenn s approvimately 100
arad Therefore, the laser deflecnion technigue offers higher

resolution than the sehlicren technique by over two orders off

magnttude

The e rospanise ol thio svastcan s tosted by masking
one side of the detector at a time and using the detector te
view u highly attenuated ruby Juser pulse. compunng the
output tothat of o fast 1 2-ns rise ume) PIN diode. The ie-
sults are shown i Fig. 30 Using the formula tor the addiiion

of rise times,”

T (\’ —) . T T i)

we find that the response time of the ciremt eself s approsi-

mateh 20 s, Difterences m hght path dengthe to the dete:
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Hence! the expansion velocrny for cach species can he deter-
mined trom the tming of the peak detlectien due 1o thar
spectes, and using that velocry i Ea o100 the number of
cach species produced by the Taser s ginven by

¢ b

N, e [T o as e

I A A A A

f12.

where dd s the peak angular deflection for cach species
An examiple of the expermmental datias shownon Fig 4
In this case. the ortentation of the detector s such that the
plasma electrons produce a posttive deflection, while the
neutral particles produce a nepative deflection cOn <hots
where the ruby aser power fell below the threshold for plas-
ma production. oniy the negatnve deflection was observed
The detector was mounted 3N mofrom the tareet. and the
detectorsensitv ity was cabibrated at 4 00mV grad however.
hecause of the Large gradients mvolved. light attenuating
filters were used i trontof the detector to derate the sensitin -
(192
cm One sees that the matial plasma peak s distinet from the

iy to Oxu mV o grad. For this parvcular shot, 7

Later neutral peak. and that the plasma veloaity s signiticant-
v higher than the neatral veloens. Using Egs. (11 and
¢ 123 one finds that the charactenistue velociiesare . 3.0
cmeasand e 042 cmogss while the numiber of particles
produced by the S RO09 10 and
N, X276 10" The latter data correspond to peak denst-
ties along the path of the probe laser of . 6.3 - 10"
em Canda., 7.3 - 10 em Cfor the plasma and the nen-
tral particles, respectively These data are consistent with

laser are vV,

Faraday cup measurements of charged particles’ and esti-
ataies of plasma density obiamed spectroscopically as well
as neutral particle density estumated from the stze of the hole

bored in the target by the ruby Luser
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Microscopic and Macroscopic Material Property
Effects on Ultraviolet-Laser-Induced Flashover
ot Angled Insulators in Vacuum

¢ L. ENLOE

thstract—Flshover of efectrically stressed polveneric insulators in
vacuum has beeninduced by ultraviolet radiation from an excimer laser
tRrb). Flashover behasior is a refatively strong function of integrated
fluence up to the time of Hashosver initiation, and virtually independent
of applicd power or pulse time. Flashover is induced by moderate flu-
ence (10-130 mJ em®) of intense (0.4-6 MW cm™) ultraviolet at 248
nm at electric feld stress considerably below the static breakdown
stress. The critical luence required to initiate flashover is a function
of the clectric field stress, the insulating material, and the geometry of
the dielectric vacuum interface. The unconventional insulator geome-
try (in which electrons are accelerated toward the insulator surface) is
meore tolerant than the conventional geometry by nearly a factor of 2
in Huence. Insulator materials tested were polyvethylene, polystyrene,
acrylic, mvlon-6, acetal, PVC, and teflon. The critical fluence is cor-
related to the microscopic and macroscopic material properties; resuits
show that insulating materials with high dielectric constants and low
secondary electron emission coeflicients exhibit superior tolerance to
ultraviolet radiation. Of the matecials tested. nylon evhibited the high-
est eritical fluence in both the conventional and the unconventional ge-
ometries. A theory of ultraviolet-induced insulator flashover is devel-
aped.

[ INTRODUCTION

HE PHENOMENON of flushover at the electrically
stressed interface ot a solid diclectric and vacuum has
been well-characterized [1]-§7). although investigations
continue into the mechanisms involved. It is an important
phenomenon to understand. since the dielectric:vacuum
intertace is electnically weaker than cither the dielectnice
or the vacuum gap alone and hence may be the limiting
clement i @ high-voltage power transport svstem. Nu-
merous tactors affect the tlashover ot insulators in vac-
uum. including the composition of the diclectric material
[6]. insulator surtace conditioning and modification [4]-
(11, and the time history of the voltage pulse (whether
nanosccond or microsecond duration or de. unipolar or
hipolary [TH]L (T3] [15]. but the chiet tactor in determin-
g sulator flashover pertormance s the geometry of the

dictectric vacuum antertace (31171 [16].
A large number of insulator and electrode geomietries
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have been investigated [16]. but the most common in ap-
plication is the plane insulator/vacuum interface between
plane parallel electrodes. In this configuration, flashover
strength is a strong function of the acute angle € between
the insulator surface and the normal to the electrode sur-
faces ( —90° < 6 < 90°). A wide variety of dielectric
materials. including polymers. glasses. metal oxides. and
composites. exhibit similar behavior; flashover strength 1s
at a minimum for # = 0° and has two maxima at § =
+45° [3]-[6]. Since flashover strength is typically greater
for§ = +45° than for 6 = —45°_ the positive angle con-
figuration is conventionally employed. The sign conver-
tion is illustrated in Fig. 1. For # > 0. clectrons origi-
nating on or near the insulator surface are accelerated
away from the insulator surface. while for 6 < 0 they are
drawn toward the insulator surface. Note that because of
the presence of the dielectric. the angle 8, between the
local electric field and the insulator surface is in general
neither equal to 6 nor constant over the surface of the in-
sulator. The local electric ficld may be significantly al-
tered by the presence of charge on the insulator surface.

The flashover performance of polymeric insulators in
vacunm is seriously degraded if the dielectric/vacuum in-
terface is expused to ultraviolet radiation while voltage is
applied [17]-[21]. Unlike visible light. ultraviolet radia-
tion penetrates a very short distance into the surface of a
polymer [22]. so that interaction products (electrons and
neutral particles) are readily ejected into the vacuum.
Flashover has been induced over angled insulators ex-
posed to modest fluence (10-150 mJ /cm”) of intense
(0.4-6 MW/cm:) ultraviolet radiation even at low elece-
tric field stress (10-80 kV /cm). Further, the reverse of
the behavior one might expect is observed—insulators at
negative angle are more tolerant to ultraviolet illumina-
tion than are insulators at positive angle.

In this work. we present the results of an experiment
which 1) quantifies the cffects of ultraviolet iHumination
on polymeric insulators. 2) characterizes in detail ultra-
violet-induced flashover over insulators at positive and
negative angles. and 3) correlates microscopic and mac-
roscopic matenal properties to flashover behavior, A the-
ory of altraviolet-induced salator flashover iv devel-
oped. which explains the unexpected varation of flashover
strength with geometry in view of the current understand-
ing of flashover in vacuum.
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. ExperiMENTAL CONFIGURATION

The present configuration ot the cxperiment has been
described in detail elsewhere [21]. and is illustrated in
Fig. 2. The apparatus consists of an illumination source
(u rare gas excimer laser and associated optics). a test
chamber. and various diagnostics. For data presented
here. the laser is operated with KrF (248 nm). delivering
a maximum ot 1.0 J over 60 ns with a 24-ns FWHM. The
pulse shape is the same for all shots: however, the beam
was tvpically attenuated by passing it through several
thicknesses of absorbing film. The laser produces a uni-
form rectangular beam which is imaged onto the surface
of the insulator sample under tesy, so that the surface is
uniformly stluminated from the anode triple point to the
cathode triple point, but without tlluminating the elec-
trode surfaces,

A quartz window allows laser light to enter the test
chamber. The test chamber is evacuated to < 1.0 x 10 7
torr. A turbomolecular pump is emploved to minimize
hackstreaming. since previous results indicated that im-
puritics could significantly alter ultraviolet-induced flash-
over pertormance [20]. The insulator sample under test s
held Fetween twao brass electrodes. The electrodes may be
contigured as part of i charged particle collector. as shown
m Frg. 3rar. to study charged particle emission under ul-
traviolet ilfumination in the absence of applicd high volt-
age Typreatly. the electrodes are configured as is shown
m Fig 3rh)s with a capacitive voltage monitor and a Ro-

gowski coil to monitor voltage and current, respectively,
in the interelectrode region. The chamber also allows uc-
cess parallel to the insulator surface se that the flashover
event may be photographed or neutral particle emission
monitored. The latter is accomplished through a laser de-
flection technique which has been described in detail else-
where [23].

Insulator samples with § = +45° have been tested.
Materials under test are polyethylene. polystyrene, acrylic
(polymethylmethacrylate. specifically Lucite)., nylon
(specifically nylon-6 or polycaprolactam). acetal (specif-
ically Delrin). teflon (tetrafiuoroethylene). and PVC
(polyvinyichloride). The chemical formulas for cach of
these materials are shown tn Fig. 4. The first two are sim-
ple hydrocarbons. the Jast two are polymers containing
halogens. while the remaining three are more complex
polymers containing oxygen and nitrogen. A maximum of
25-kV dc may be applied to the electrodes. which corre-
sponds to 78 KV /em across a 0.318-cm sample. This s
tar below the de flashover electrie tield at cither angle tor
most materials tested [5]. Neverntheless, flashover is read-
ily induced over all materials when ultraviolet illumina-
tion is applied.

[T, Microscopic CHARACTERIZATION
Each insulator material was tested for ats response to
ultraviolet ilumination without applicd high voltage
Emission of clectrons and neutral particles was quantitied
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as & function of Laser energy or fluence. The behavior of
the insulators under ultraviolet illumination presented in
this work indicates that fluence or energy s the critical
gquantity determining flashover initiation.

t. Charved Particle Emission

With the electrodes configured as a charged particle
collector. since the RC decay time of the circuit is large
compared to the collection time tor the electrons, the
churge collected. QL is found trom the peak output signal
I trom the simple relation (24

Q=VC (1

where (s the capacitance of the circuit, which is readily
obtained trom the RC decay time of the signal and the
crreutt reststunce R T is necessary to apply a small elec-
tric rehd to the sample 1o sweep the electrons into the an-
ade. v hield ot approxamately 300V cm s suthicient to
accomplish this. (The apphed voltage was icreased until
the charge collected was independent of voltage.)

Fhe charce emitted from the insulator surface during
faser ilfummation as a tunction of ultraviolet energy de-
postted s shown il 50 Photoemission s gher for
msulator samples which have not been presiousks ex-
posed to ultieviolet allummation than for condinoned
satples Bxposure to ten pulses of 100-m] cem’ fluence
i~ ~utharent to condition cach of the matenials considered.
and all data shown here are tor condutoned samples. Pho-
toentission s highly nondinear i pulse energy s especially .
helow o certuin threshold energyv. it s neghgible. Pho
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Fie 50 Charged particle canssion trom the surtace of salators ander ul

v olet dlummation i vacuam as o function of dlumimation pulse on
crey g Polvethviene and polssiviene ohy Acnvhios mvlon, and acetal
tor betton and PVO

toemission is lowest for simple hyvdrocarbons. highest for
polymers containmyg halogens. and somewhere \hcmccn
these bounds for more complex polviners.

The hundgap between the valence band and the vacuum
level v for most polymers. approximatels 9 ¢V, The
photon energy at Krk wavelenath is S eV Therctore. amy
photolomization musi take place via o multiphoton mier-




Aot the materiads under constderaton tffuoresce
KrE Laser aillununation: turther. the tfluorescence
persisis tor many tens ot nanoscconds atter the end ot the

aetion
under

fuser pubse This imphes that there are states in the band-
cap revion which muay be exeted by the ultraviolet radu-
ton aind subsequently wonized [25]0 Since the shape of the
ouput uorescence pulse will be o convolution of the in-
put Laser pulse and the exponentiad decay ot the excited
states. comparing the imput pulse width to the output pulse
width vields o fitetime of approximately 13 s, which s
4 ~tonsncant fractuon of the input pulse width. Hence. a
twoostep photoonization event is plausible. Fig. 6 s the
resull of modeling the nwosstep wonization process with
three coupled rate equations. Three populations are con-
sidered the ground state 0 the exanted state n¥, and the
wnized state w0 The cquations were solved numerically
with all units normahzed. The result s simitar to the ox-
pennmental resulte in that Dy at very low pulse cenergy,
photoionization s neghyihle, since the probability of 4
photon’s interaction with an excited electron is small. 2)
at mederate pulse energy . phototonization increases rap-
wdly s the mtermediate state s populated. and 3y at high
pulse energv. the increase inionization with fluence is
reduced as the process becomes saturated. Clearly. the
results of the simple model do not matceh the experimental
results exactly, but a real polymer is unlikely to be such
a stmple svstem. Comparing the major features supports
the hy pothests that two-step phototonization is indeed the
active process. Photoemission due to three or more pho-
tons can be discounted. because lower energy visible light
photons do not cause significant fluorescence. which im-
plies that their energy 1s oo low to excite the intermediate
states.

B. Necutral Particle Emission

By observing the deflection of a He-Ne probe laser [23],
and by making certain assumptions about the profile of
the expanding neutrals. the neutral emission from the in-
sulator surface may be determined. One may show that it
N particles are emitted from a surface area 4 with a Max-
welhan velocity distribution. then the neutral emission is
refated to the peak angular deflection of the probing laser
beam o, by 23]

N0 (>
4 KD "o -
where D is the path length of the probe laser through the
neutrals. v, is the distance of the beam away from the
surface. and K, s i constant relating the change in index
ot refraction to the neutral density: K, = 1.03 ¥ 10
cem dor He -Ne Taser light Since the presence of neutrals
Is o positive pertarbation in the index of refraction. while
the presence of electrons 1s @ negative perturbation, it s
castly verttied from the sign of 6o that the deflection s
caused by neatral emission. The average expansion ve-
locity may be found trom the time 1, at which the peak
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This analysis is valid if 1, >> 7. the width of the laser
pulse. For this expeniment. with x, = | mm, 1,
and 7 = 60 ns. the analysis is indeed applicable.

Neutral emission per unit area of the insulator surface
as a function of fluence deposited is shown in Fig. 7. The
data are consistent with those found in the literature [26].
obtained from measuring the ablation of the insulator sur-
face over many shots. Below a particular threshold flu-
ence which varies with material (on the order of 100
mJ /em®). neutral particle emission is negligible. In
studying flashover behavior under high voltage, the ultra-
violet fluence was typically kept below this threshoid
value: thus. neutral particle effects do not play a signifi-
cant role in the results presented. except perhaps a very
low field stress ( ~10 kV /cm) where the fluences re-
quired to initiate flashover are high.

= 1 pus.

IV. FLasHOVER BrEtavior UspDER ULTRAVIOLET
[LLUMINATION

A. Observations

To determine the flashover behavior of insulators under
ultraviolet illumination. dc high voltage 1s applied to the
clectrodes and the insulator surface is illuminated by a
single pulse of excimer laser light. The laser beam is im-
aged onto the insulator so that the laser uniformly illu-
minates the insulator surface from the anode to the cath-
ode: however, the electrode surfaces themselves are
unilluminated. The beam has a cross-sectional area 4 and
a total pulse energy &. Although the electric field E is not
uniform in space. the electric tield stress £ listed in the
data is simply taken as I = V/L. where Vs the applied
voltage and L is the thickness of the insulator sample.
Numerical solutions to the Poisson equation which show
the potential distribution in the interelectrode region will
he presented later in this article.

Current and voltage in the interelectrode region are
monitored as the ultraviolet illumination is applied. Typ-
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ical data are shown in Fig. 8. Although significant pre-
breukdown activity is evident, flashover is identified as
the discontinuity in the voltage and current indicating the
sudden collapse of the impedance in the gap. With time ¢
= () taken as the start of the laser pulse. the time 1, at
which flashover oceurs is noted. In these experiments. the
laser beam 15 attenuated. reducing &. and again ¢, is noted.
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As more attenuation is added. 1, increases until flashover
is no longer observed (1, = o).

The prebreakdown current i(¢) is nearly proportional
to the illumination intensity /(7). and the flashover event
may be roughly characterized according to the prebreak-
down current behavior as 1) strongly induced flashover,
in which both /(1) and i(t) increase continuously until
flasiover occurs, 2) weakly induced flashover, in which
I(1ryand i(1r) reach a maximum and are actually decreas-
ing at the time of flashover, or 3) stable, in which no
flashover 1s observed, even though i(¢) is not zero during
the illumination pulse.

There is no correlation of the time of the flashover event
with either the instantaneous value of the illumination in-
tensity or the prebreakdown current. Depending on the
pulse energy &. flashover is observed with equal regular-
ity on the rising as well as the falling edge of the illumi-
nation pulse, cven late in time when the illumination is
significantly less than its peak value. Flashover occurring
after the illumination ceases entirely. however (1, > 1),
1s rare. observed in fewer than | percent of the flashover
events. This simple observation leads to the conclusion
that it is ultraviolet fluence, rather than power density.
which governs the initiation of flashover. If there were a
critical power density required to initiate flashover. then
that power density would be achieved. if at all, on the
rising edge of the illumination pulse first. and flashover
would be observed on the rising edge of the pulse. or not
atall. Since flashover is indeed observed even late on the
falling edge of the pulse, fluence. rather than power den-
sity. must be the determining quantity.

B. Analvsis

The normalized pulse shape f(1) of the ultraviolet il-
lumination and its integral. which are the same for all
shots, are shown in Fig. 9. The normalization is that

S fleydr = 1. (4)

a
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Thus. forany time 7. the instantaneous illumination inten-
sits 0 can be expressed in terms of the pulse energy &
and the cross-sectional area A ot the beam, and is defined
to be
Ef(r)
) = o) (5)
A
while the fluence deposited at time 1, F(1). 1s
L

F(r) = S,I(")d"' (6)

From (4. it follows that the total fluence is simply F(7)
= £./4. However, it is clear that any ultraviolet illumi-
nation of the surface afrer flashover occurs can have no
cttect on the process of flashover initiation. Therefore. it
tv the fluence deposited at the time of flashover F(¢)
which is appropriate to consider in investigating the ini-
tiation process

The results shown in Fig. 10 are typical of the phenom-
enon ot induced insulator flashover. As the total fluence
Forytorequivalenty . the pulse energy &) decreases. the
trme to fash ¢ increases, as shown in Fig. 10. However,
1t appears that there is a critical value of the fluence F,
which governs the initiation of flashover by ultraviolet il-
lumination, arrespective of the illumination  intensity.
Specaifically . it the total fluence F( 1) < F, | then flashover
i~ not nduced although some current may be observed in
the interelectrode region. It F(r) > F, | then flashover is
induced at a ume 1, such that Fe,) = F . This is illus-
trated in Fig. 10, which sh ws that as the total fluence
F (18 changed by nearly a factor of 10 hy changing the
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pulse energy &, the eritical fluence at which lashover oc-
curs remains essentially constant.

The critical Aluence is. however, a strong function of
the insulator geometry and the electric field stress. Insu-
lator samples were tested over a range of electric tield
stress from 10 to 80 kV /¢m in both conventional and un-
conventional configurations. The critical fluence is dis-
played in Fig. 11 as a tunction of electric field stress for
each of the insulator matenials tested in both conventional
and unconventional configurations. Several trends are ev-
ident: 1) the critical fluence decreases with increasing
electric field stress for £ < 40 kV /em, 2) the critical
fluence 1s approximately constant for £ > 40 kV /cm.
and 3) the unconventional configuration is more tolerant
to ultraviolet fluence by nearly a factor of 2 in fluence,
except tor some materials at very low field stress and cor-
respondingly high fluence

C. Correlations

The critical fluence at high electric field stress (the con-
stant portion of each of the curves in Fig. 11) displays
various degrees of correlation to the macroscopic and mi-
croscopic properties of the insulating materials. Neutral
particle emission characteristics can be eliminated as a
cause of ultraviolet-induced insulator flashover at high
field stress. since the fluence involved is too low to pro-
duce significant neutral emission. Neutral emission may
be a cause of the crossover in some of the curves in Fig.
11 at high fluence.

The critical fluence is only weakly correlated to the
electron photoemission shown in Fig. S, although to a
slight degree the more readily a material emits photoelec-
trons. the less tolerant it is to ultraviolet radiation. The
critical fluence shows a much greater correlation to sec-
ondary electron emission, as in Fig. 12. The secondary
electron emission coefficient K is that adopted by Burke
[27], who found that for many polymers the secondary
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Agan, the more readily o material enmits secondary eled
trons, the less wolerant 1t s o uftravioret radiation. Fhe
critteal Huence also shows a positive correlation to the
diclectric constant of the material, as in kg, 13 The
creater the Jdiclectrie constant, the more tolerant the mia
terial is to ultraviolet radration. The properties of cach ot
the msulatimge materials are summarized i Table 1

Vo Tirory o Urirsviolrr-INprern INstraior
Fiasgovir

The observations and analysts of the phenomenon of
ultraviolet-induced insulator flashover point to a particu-
far mechanism ot lashover inituetion. To summuarize the
results. altraviofet-induced flashover depends neither on
the istantancous value of the intensity of the ultray olet
iumination nor on the prebreakdown current, but rather
on the time-integrated ultraviolet Huence on the insulator
surface. The critical fluence required to initiate flashover
is o function of the insulator matenial, and 1s less in the
positive-angle (conventional) configuration than in the
negative-angle (unconventional) configuration by appros-
imately a tactor of 2. The critical fluence increases with
increasing diclectric constant and decrcases with increas-
ing sccondary (and to g shight degree. primary) electron
CmIssion.

The evidence indicates that the effect of the ultraviolet
illumination is to prepare the dielectric/vacuum interface
by causing a buildup ot surtace charge, making it more
susceptible to tlashover than the unifluminated. un-
charged state. The flashover event itself is quite disunct
from the prebreakdown phenomenon; the time scale of the
former is on the order of 1 ns, while the time scale of the
latter is tens of nanoscconds. If this disparity were due
entirely to some formative time lag, then one would ex-
pect to regularly see flashover occurring a signiticant time
after the end of the illumination pulse. In fact, such events
are rare. Also consistent with this inference is the obser-
vation that fluence. independent of illumination intensity.
is the quantity which determines flashover behavior.

The geometry-dependent behavior of the flashover
strength of vacuum insulators without ultraviolet illunu-
nation has been well established by Watson [3] and Mil-
ton [5]. among others. Their results are familiar and have
tormed the basis for most high-voltage vacuum insulator
designs in practical systems. Their results show that flash-
over strength is maximum near # = +45° and minimum
near § = 07, and that in general the local maximum at
positive angle is greater than that at negative angle. More
recently. Brainard [28] has analyzed Milton and Watson's
data. and has determined that surface charging plavs a
significant role in the flashover process for ~30° < § <
07, but is neghgible for§ = +45°,

The theory of surface charging of vacuum insulators via
secondary clectron emission is similarly well-developed
[29]-131]. For any material, the secondary electron emis-
sion coethicient 4 is a tunction of the incident electron en-
crgy Fi. I the local electric field is such that an electron
which 1s emitted from the surface returns with an energy
such that 6(E) > 1. the surface charges positively. On

e
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e vvher hand ot S b 1. a stable situation results T T T T anean
“osectace neither cains nor loses charge. The local elec: - .

o teld s wsuperposition ot the apphied electrnie ficld v

sorchatselt s moditied by the polanization charge in the .

selecines and the eld due o the surface charge on the

avilators The stubidity condion s equivalent 1o the re-

sarement that the local electne tield be mchined at some

ctiead angle #owhich vanes with matenal, For many - atnoge

solatime nraterrads . #f = - 300 [28], where the negative
<onandicates that the electrons return to the imsulator sur-
Tace doneglecting surtiace charge. the electrie tield angle

sareater than #otas i the conventional configuration).
vion the stable sartace charge distribution is positive; oth-
Sowise s i the unconsentional contiguration) the stablce
<ortace charae density s negative [30].0 By o numernical

pal

SHubon Lo e PO on Cgaaieaat s this case. using the

harge simufanion technique (3210 s straghtforward 1o
~how that tor an uncharged intertuce. the electric tield is
cotanced near the narrow end ot the msalator, while 1t a
<athorent surtace charge s present. the electric field s
cnhanced near the wide cor pointed) end of the sulator.
[ins cttect s dlustrated in Fig, 14 for the case in which
o s evenywhere on the insulator surface. The situation
1~ not entirely symmetrical: with surface charge present,
the field enhancement near the wide end is much greater
tor the conventional than for the unconventional config-
gration. Thi s readily explained. since in the unconven-
tonal contiguration. neglecting surface charge. the un-
charged electrie field angle s much nearer the critical
angle.

It however, surface charging is to occur via secondary
clectron emission, there must be i source of primary clec-
trons For # = (0, the cathode triple point is a ready
source of primary clectrons. As Fig. 15(a) and (¢) shows,
however. the catnode triple point is a poor source of pri-

mary clectrons tor large values ot 8. For 6§ = +45°_ clec-
trons miss the insulator surtace entirely. For § = —457,

ance < Fover the insulator surface and the path length
along the imsulator of the electron trajectories is small (a
tew micronsy {30]. charging cannot propagate from the
cathode triple point. It is not surprising. then, that insu-
lators at large angles. whether positive or negative. do not
charge under an applied clectric field alone [28]. Ultra-
violet tdllumnation. however, provides a source of elec-
trons which s distributed over the insulator surface. as in
Fre i5ih, and v, Therelore, it is possible for the electric
neld configuration in the interelectrode region to be sig-
nthcanthy maoditied under ultraviolet illumination, duce to
harging ot the insulator surtace.

i he magnitude of the surface charge required to signit-
rcantly affect the anterelectrode clectric field varies with
the diclectric constant of the imsulating material. Fig. 16
<hows the dependence of the electric field angle 8 on the
aurtface charge density for insulators of two dielectric con-
stants. as determined from g numerical solution to the
Porsson equation (in this casc. using the code LAPLACE
1291, The results presented are tor uniform positive sur-
face charge on a positively angled isulator: the results
are analogous tor negative surtace charge on a negatively

arn1e
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Fig. 15 Surtice chargin 1 torinsulators at « 35 v unbikely Gt unless
a source of primary crectrons other than emission from the triple point
is avatlable (b, (dy.
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Frg. 16, Angle #; between the clectne hield and the insulator surface as a
function of position on the surtace and surface charpe density Solid hine
<. 2 Broken line ¢, 4

angled insulator with the sign of 1, reversed. The surtace
charge density is given in units of the charge density of
the vacuum clectrodes. Treating the vacuum electrades as
a capacitance. the surface charge 0 on an arca A of the
clectrode surface is just Q = CF, where s the capaci-
tance of the parallel-plate electrodes and ¥ is the applied
voltage. Now, (" = ¢, A4 /L. where [ 15 the interelectrode
distance. The surface charge density on the vacuum clec-
trodes is then o, = CV/A = ¢ F since £ = V/L. From

R =

SRR SRReee— s - 2 -~ - - - |
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Froo 160 the surtace charge density required to modity the
clectnie ticld so that #, = 07 s proportionud o the dielee-
tric constant of the material. and 15 on the order of

oL = ¢, . [8)

The magnitude of surtyce charging ot insulators prior to
flashover may be estimated from prebreakdown current
measurements. For the polymers under consideration, 2
< o, < S Forf =350kV.cm. g, = 4.4 nC /em”. Pre-
hreakdown currents observed are on the order of 0.5 A
tor 60 ns, so that the charge transterred in the interelec-
trode gap 1s on the order of 30 nC. The illuminated sur-
face arca of the insulator is approximately 1.5 cm”. which
corresponds to o = 20 nC /cm”. Therefore, the condition
imphied by (&) s readily satisfied under ultraviolet illu-
mination.

The induced surtace charging theory of ultraviolet-in-
duced insulator Hashover in vacuum is consistent with the
observation that Huence 1s the critical quantity in deter-
mining when flashover occurs. Since the surface charge
density required to modify the interelectrode field is pro-
portional to ¢, it explains the dependence of F, on e,.
Since charging proceeds by secondary clectron emission,
it explains the dependence of F, on K. The explanation of
the tact that the unconventional configuration is more tol-
crant than the conventional is twofold. As Brainard has
shown |28]. if the insulator surface is charged, it is the
conventional configuration which is the weaker of the two
configurations. Also, since initially 6 < 1 for§ = —45°
and cffectively 4 = | for # = +45° (all charges are re-
moved trom the insulator surface), the conventional con-
tieuration should be more readily charged than the uncon-
ventional. This 1s borne out by the results shown in Fig.
17 which indicate that tor the same illumination, the pre-
hreakdown current 1s greater for the conventional than for
the unconventional configuration. Field enhancement at
the wide end of the insulator. as is the case for a charged
insulator surface. 15 also consistent with indications of ex-
plosive emission at that point from open shutter photo-
graphs of the induced Hashover process [20].

EEe TRANSACHIONS ON PEASMA SCIENCE Mol e NO 2 TENE Tuas

VI CoNcirrstons

Ultraviolet-induced flashover over polymeric insulators
in vacuum depends on the ultraviolet fuence incident on
the insulator surface. The negative-angle (unconven-
tional) configuration is superior in ultraviolet tolerance to
the positive-angle (conventional) configuration by ap-
proximately a factor of 2 in fluence. Insulating materials
with high dielectric constants and low secondary electron
emission coetlicients exhibit superior ultraviolet toler-
ance. A model of ultraviolet-induced insulator flashover
based on induced charging of the insulator surface is sut-
fictent to explain the observed phenomena. The ultra-
violet fluences required to initiate flashover are suth-
ciently low that Jdie contiibution of neutral particle emis-
sion to the initiation of flashover may be disregarded. ex-
cept perhaps at very low tield stress ( ~ 10kV /em) where
the critical fluences required to initiate flashover are cor-
respondingly higher.

[t 18 important to note that this work was conducted
using a monochromatic ultraviolet source. Previous stud-
ics by one of the authors using a broad-band ultraviolet
source [18]. [19] found critical fluences which were much
smaller than those reported here. In those experniments,
however, there was a significant component of ultraviolet
illumination at wavelengths shorter than the 248-nm KrF
laser linc. At these short wavelengths. the penetration
depth of ultraviolet light in the materials 1s a strong func-
tion of wavelength and decreases sharply as wavelength
decreases. Therefore. shorter wavelength ultraviolet
should have a correspondingly larger effect on surface
phenomena, and thus induce flashover more readily. The
previous measurcments are therefore consistent with the
data presented here.
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